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·Abstract 
This thesis reports a single speaker acoustic study of vowel variability in connected 
speech. Over eight thousand vowel tokens taken from a corpus of read sentences are 
examined. The aim of the thesis is to achieve a better understanding of the nature of 
vowel reduction in English. Three questions are addressed. The first of these 
concerns the phonetic characterisation of schwa, the central or 'reduced' vowel. 
Schwa's contextual variability is assessed with reference to the question of whether or 
not it has an independent phonetic target. The second question concerns the role of 
stress in conditioning vowel reduction. Patterns of variability for sententially stressed 
and unstressed vowel tokens are examined in order to determine how far stress and 
context effects interact to influence vowel quality. The final question concerns the 
potential ditf erences between vowels with respect to inherent variability, that is, 
whether some vowels are inherently more susceptible to coarticulatory effects than 
other vowels. 
Maximal context-dependency for schwa strongly supports the hypothesis that it is 
completely unspecified for tongue position. The data indicate that it is also highly 
unspecified for jaw position. Evidence that schwa is targetless and can occupy almost 
any position in the vowel space depending on context, argues against the traditional 
concept of vowel reduction as an independent process of articulatory and/or acoustic 
centralisation. Greater context sensitivity for sententially unstressed vowels 
compared with their sententially stressed counterparts also supports an account of 
vowel reduction in terms of contextual assimilation. 
The results also indicate a continuum of underspecification. This ranges from-the 
more peripheral vowels /i, a, a, o, -:J/ which show the least contextual variability and 
which may be thought of as the most narrowly specified vowels to the more central 
vowels II,£, 3, A, o/ and, in the present data, /u/, which show greater overall context-
dependency. It is proposed that greater acoustic stability for the more peripheral 
vowels reflects quantal acoustic properties and tighter articulatory and/or perceptual 
constraints on variability. 
Overall, the results support the view that vowel reduction represents a means of 
economising on articulatory effort. Schwa, the endpoint of the reduction process 
represents minimal articulatory effort insofar as it represents the straight-line 
interpolation between consonants and hence minimal resistance to coarticulatory 
effects. Shorter durations, greater context dependency and, in the case of the 
peripheral vowels, less extreme formant values for sententially unstressed compared 
with sententially stressed vowels reflects a reduction in articulatory effort and 
consequently less displacement from neutral. In view of the greater context-
dependency observed for the more central vowels generally compared with the more 
peripheral vowels, the tense/lax alternation in phonological vowel reduction can also 
be interpreted as a saving on articulatory effort. A principal advantage of an account 
of English vowel reduction in terms of phonetic underspecification is that phonetic 
and phonological vowel reduction may be accounted for by the same mechanism. 
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Chapter 1 
Introduction 
The aim of this thesis is to achieve a better understanding of the nature of vowel 
reduction in English. Three related questions which have a direct bearing on this 
issue are addressed. The first question concerns the phonetic characterisation of the 
central or 'reduced' vowel /di, also referred to as 'schwa'. Schwa's contextual 
variability is assessed in the light of the proposal that it has no independent phonetic 
target but is completely unspecified for tongue and jaw position. The second 
question concerns the role of context and stress in conditioning vowel reduction. 
Patterns of variability displayed by sententially stressed and unstressed full vowel 
tokens are examined in order to determine how far stress and context effects interact 
to influence vowel quality. The third question concerns _the potential differences 
between vowels with respect to inherent variability, that is, whether some vowels are 
inherently more susceptible to coarticulatory effects than other vowels. 
1.1 Vowel reduction 
1 
Vowel reduction refers to the alternation of full vowels with schwa in unstressed 
syllables and is a characteristic feature of stress-timed languages such as English. A 
more detailed description is given in Chapter 2. The precise nature of vowel 
reduction, however, remains to be established. Traditionally, it is conceived of as an 
independent process of centralisation towards the neutral vowel /di (Tiffany, 1959; 
Shearme & Holmes, 1962; Delattre, 1969; Stalhammer et al., 1973; Koopmans van 
Beinum, 1980; Fourakis, 1991 inter alia.). According to this view, unstressed vowels 
are generally more central in quality than stressed vowels, that is, they are produced 
with less vocal effort resulting in less extreme articulatory configurations and less 
distinctive acoustic patterns. 
An alternative account proposed by Lindblom ( 1963) is that reduction in vowel 
quality reflects target undershoot due to coarticulation. According to Lindblom, 
unstressed vowels are more susceptible to coarticulatory effects than stressed vowels 
because they are shorter in duration. Stressed and unstressed vowels are 
characterised by the same invariant target configuration. However, in producing an 
unstressed vowel token, the speaker undershoots the target due to the temporal 
overlap of motor commands and articulatory "sluggishness". A more detailed 
discussion of Lindblom' s undershoot hypothesis and its theoretical implications is 
given in section 2.3 .1 and in the introduction to Chapter 6. 
2 
In subsequent research following Lindblom (1963), it has been shown that vowel 
quality may vary independently of duration (Gay, 1978; Tuller, Harris & Kelso, 1982; 
Nord, 1986; Summers, 1987; Den Os, 1988; Engstrand, 1988; Van Son, 1993 inter 
alia. ). The results from these studies indicate that the speaker is able to manipulate 
coarticulatory parameters which, in turn, suggests that reduction forms part of the 
speaker's stylistic intent. In view of this, Lindblom (1983, 1990) adapts the original 
undershoot hypothesis to include a mechanism whereby speakers are able to override 
or avoid coarticulatory effects through increased vocal effort and/or a reorganisation 
of phonetic gestures. However, reduction in vowel quality is still attributed to 
durationally-induced target undershoot. 
In this thesis, evidence is sought in support of an account of vowel reduction which 
reconciles elements of both the traditional approach and Lindblom' s model. In line 
with Lindblom's model, it is proposed here that vowel reduction may be accounted 
for in terms of contextual assimilation 1 . However, in contrast to the undershoot 
hypothesis, it is suggested that unstressed vowels are more susceptible to 
coarticulatory effects than stressed vowels because they are inherently less narrowly 
specified. That it, they are produced with less articulatory effort resulting in less 
1 It is noted here that 'conte:\.1ual assimilation' is used to refer to coarticulatory adjustment rather 
than phonological feature-spreading. 
3 
displacement from neutral where 'neutral' is defined either in terms of the overall rest 
position of the vocal tract or the straight-line interpolation between adjacent context 
segments. This account thus accords with the traditional approach insofar as it posits 
a separate specification for stressed and unstressed vowels. 
The suggestion that unstressed vowels are more susceptible to coarticulation because 
they are inherently less narrowly specified than stressed vowels is made in accordance 
with Keating's (1988, 1990) theory of phonetic underspecification. Keating (1988) 
proposes that segments which are inherently unspecified for a given feature remain 
unspecified at the phonetic level and are simply "interpolated through" by the 
trajectory between adjacent specified segments. Keating (1990) further proposes that 
segments may show varying degrees of underspecification for a given feature. At the 
phonetic level, this manifests itself in varying degrees of contextual variability along 
the relevant dimension(s). Segments are thus characterised by the full range of 
contextual variability they exhibit rather than by a single set of target spatial 
coordinates. A more detailed description of the underspecification hypothesis is given 
in sections 2.3 .2.2 and 2.5. 
In the current investigation, sententially stressed and unstressed vowel tokens are 
compared in terms of the magnitude and patterns of contextual variability they 
exhibit. Assuming that unstressed vowels are less narrowly specified for tongue-body 
and jaw position than stressed vowels, they are expected to show greater overall 
variability and context-dependency along the corresponding acoustic dimensions F2 
and Fl. 
In practise, it may be difficult to differentiate between Lindblom's undershoot 
hypothesis and the proposed phonetic underspecification account of vowel reduction 
since both predict increased contextual assimilation for unstressed vowels relative to 
stressed vowels. However, additional support for an underspecification account may 
be provided by observing patterns of variability across vowels as well as for stressed 
and unstressed tokens within a given vowel category. Evidence of inherent 
differences between vowels with respect to the contextual variability they exhibit 
would be consistent with Keating' s proposal that segments may be more or less fully 
specified along a given dimension(s), phonologically and phonetically. 
1.2 Inherent vowel variability 
There is an increasing body of literature which reports greater context sensitivity for 
unstressed vowels relative to stressed vowels (Lindblom, 1963; Nord, 1974, 1986; 
Fowler, 1981; Magen, 1984, 1989; Krull, 1989; de Jong et al., 1994). However, 
comparatively little attention has been given to the question of whether context 
and/ or stress affects all vowels to the same degree. 
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Assuming that unstressed vowels are less resistant to coarticulation than stressed 
vowels because they are articulated with less vocal effort and less divergence from 
neutral, similar differences in degree of contextual variability might be expected for 
the more central vowels generally (i.e. /1, £, 3, ~'A, o/), compared with the more 
peripheral vowels (i.e. /i, a, a, n, :>, u/). Stevens (1972, 1989) quantal theory of 
speech production predicts greater acoustic stability for the point vowels /i, a, u/ 
compared with the non-point vowels (see sections 2.6 and 7.2.3). However, to date, 
there has been relatively little research directed towards establishing empirical support 
for quantal theory predictions. 
In an electropalatographic and acoustic study of consonant-to-vowel coarticulation, 
Recasens ( 1991) reports greater variability for back vowels than for front vowels and 
greater variability for schwa than for the full vowels. Recasens proposes that front 
vowels are inherently more stable than back vowels because they involve a greater 
degree of mechanical constraint on the tongue body during their production. 
Conversely, he attributes the high levels of variability observed for schwa to low 
constraints on its tongue-body specification. Recasens' articulatory constraint based 
model of coarticulation is discussed in more detail in section 2.3.2.1. 
Recasens' observations are based on nonsense speech data for vowels in Catalan. 
The main focus of his investigation is electropalatographic data although he also 
reports acoustic data. A principle aim of this thesis is to further explore Recasens' 
and Stevens' ( 1989) predictions regarding the relative variability of point/non-point 
and front/back vowels in an acoustic investigation of connected speech data in 
English. 
1.3 Variability of schwa 
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In line with the phonetic underspecification hypothesis (Keating, 1988, 1990), 
Browman & Goldstein (1992) suggest that schwa may be completely unspecified for 
tongue position. However, following their articulatory study of schwa tokens 
produced in /pVp~1pVp/ sequences, they reject this idea and argue instead in favour 
of a co-production account of schwa's variability. A full description of their study is 
given in section 2.3.2.2. Evidence in support of the targetless analysis, however, has 
been presented in a recent paper which reports data for Dutch schwa in a wider range 
of contexts (Van Bergem, 1994). Van Bergem reports highly systematic 
coarticulatory effects on schwa such that the schwa second formant values can be 
predicted using a simple linear model. Van Bergem's study is decribed in more detail 
in section 2.4. 
The present study represents an extension of Browman & Goldstein's (1992) and Van 
Bergem' s ( 1994) research insofar as it examines coarticulatory effects for schwa in 
connected speech data and in a more comprehensive range of contexts. As in the 
case of Browman & Goldstein, Van Bergem's observations are largely based on 
nonsense data although he found that his model worked well on a set of a hundred 
meaningful words. 
The present investigation also provides a comparative framework in which to assess 
schwa's variability. Without reference to comparative data for the full vowels, it is 
difficult to assess how much context-dependency may be considered to reflect 
targetlessness. Van Bergem (1994) reports 72% and 79% explained variance in 
schwa F2 midpoint value for schwa tokens in nonsense syllables. Given that 
laboratory speech may undersample the phonetic variability found in more natural 
speech data, it is possible that the extent of the contextual variation shown by the full 
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vowels in real speech may approach or even exceed the levels of variability reported 
for schwa in laboratory speech. In absolute tenns, the proportion of explained 
variance obtained in regression analyses/analyses of variance, is also a fairly arbitrary 
measure due to the fact that it is subject to variation across different samples of the 
same dependent variable (see Cohen & Cohen, 1983, p.5). In view of both these 
factors, a comparative study using the proportion of explained variance as a relational 
measure permits a more reliable evaluation of the data for schwa and hence a more 
conclusive assessment of schwa's targeted/targetless status. 
1.4 Connected speech data 
To date there have been no studies of schwa's variability in which schwa is compared 
with the other monophthongs in a British English accent system. Furthennore, there 
is relatively little quantitative data available for either schwa or the full vowels for 
connected speech data. Most of the research on vowel-to-vowel or consonant-to-
vowel coarticulatory effects examines nonsense syllables or isolated words typically 
produced in a semantically empty carrier phrase. These are also carefully controlled 
with respect to context and stress and tend to be limited to a restricted set of vowels 
and consonants. While the controlled, experimental paradigm is without doubt 
fundamental to speech production research, there is also a recognised need for 
research based on more natural speech data (Rischel, 1990). 
A number of studies indicate that the magnitude and patterns of coarticulation vary 
considerably across speech styles (Koopmans van Beinum, 1980; Krull, 1989; 
Farnetani et al., 1993; Harmegenies & Poch-Olive, 1992). Therefore, the extent to 
which observations based on laboratory speech extend to connected speech data 
clearly has important implications for the generalisability of proposed models of 
coarticulation. Observational studies of connected speech data also have an 
important role to play in establishing the limits of phonetic variability. In addition, 
given that reduction processes are conditioned by semantic and pragmatic as well as 
phonetic variables, it is also important that these should be examined in more natural 
speech data which reflects the interaction of these variables (Lindblom, 1990). 
The speech material used in the present study comprises six hundred and sixty read 
sentences. While sentences read under experimental conditions do not constitute 
spontaneous, conversational data, they nevertheless offer a means of examining 
fluent, meaningful speech data. In this respect, they may be considered a useful 
transitional step between the study of highly controlled laboratory speech and the 
study of spontaneous speech. 
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In more general terms, the nature and extent of phonetic variability also has important 
implications for the invariance issue in speech production. For example, evidence of 
systematic acoustic variability would support the argument in favour of signal-based 
invariance (Stevens & Blumstein, 1979, 1981; Blumstein & Stevens, 1979; Sussman, 
1990b, 1994; Sussman et al., 1991) over gestural-based theories (Liberman & 
Mattingly, 1985; Fowler, 1986). 
1.5 The structure of the thesis 
Chapter 2 gives the theoretical background to the thesis. It provides a more detailed 
definition of vowel reduction and explores alternative predictions with reference to 
the question of inherent vowel variability. It also describes the underspecification 
hypothesis in detail and reviews the two studies to date which specifically address the 
question of whether or not schwa can be associated with an independent phonetic 
target. 
Chapter 3 describes the speech material and data-analytic procedures that are used in 
this study. It also provides some preliminary acoustic data to orientate the reader 
with respect to the current subject's vowel system. 
Chapter 4 addresses the methodological problem of how to represent the spectral 
vowel target. In the first part of the chapter, the classificatory performance of five of 
the most commonly employed sampling points and single number representations of 
vowel formant frequencies are compared and assessed in terms of the statistical 
separability of the derived vowel distributions. In the second part, Syrdal & Gopal' s 
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(1986) bark-difference model of vowel recognition is evaluated with reference to the 
question of whether bark-transformed spectral distance measures offer any advantage 
over linear spectral distance measures or absolute frequency values in normalising 
within-speaker contextual variability. 
Chapters 5 and 6 examine the data with respect to the question of whether some 
vowels are inherently more stable than others. Chapter 5 investigates the role of 
context in conditioning vowel quality. The relative magnitude and pattern of 
coarticulatory effects for different vowels are assessed statistically in order to 
establish a hierarchy of vowel robustness. The data is also examined with respect to 
the question of schwa's phonetic status. Chapter 6 considers the influence of stress 
and the interaction of stress and context effects. It provides a review of the relevant 
literature and an analysis of the comparative variability displayed by sententially 
stressed and unstressed vowel tokens in the present data. It also considers the 
question of whether sentence stress influences vowels to the same extent or whether 
some vowels show relatively greater stress effects than others. 
The final chapter (Chapter 7) considers the results reported in the analysis chapters 
with reference to a phonetic underspecification account o( vowel reduction. It also 
offers an interpretation of the results in the light of predictions made in the literature 
with respect to production and perceptual constraints on variability. The theoretical 
implications of the extent and nature of the observed variability for theories which 
advocate signal-based invariance are also discussed. The chapter concludes with a 
summary of the main points arising from the thesis. 
Chapter 2 
Inherent Vowel Variability 
This chapter establishes the theoretical framework for the thesis. It introduces the 
concepts of coarticulation and phonetic vowel reduction and explores alternative 
accounts for inherent differences between vowels with respect to the phonetic 
variability they exhibit. Phonological vowel reduction is also described and the 
relationship between phonological and phonetic vowel reduction discussed. 
2.1 Coarticulation 
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Variability in the articulatory and acoustic realisation of segments is a characteristic 
feature of natural, continuous speech. Random variability occurs because the talker is 
unable to exactly reproduce a given utterance on any two occasions. Systematic 
variability occurs as a function of phonetic context. Traditionally, contextual 
variability is viewed as the deviation or displacement from idealised, target values 
(Shearme & Holmes, 1962; Stevens & House, 1963; Lindblom, 1963; Stevens, House 
& Paul, 1966; Henke, 1966; MacNeilage & DeClerk, 1969; Daniloff & Hammarberg, 
1973; Ohde & Sharf, 1975 inter alia.). Segmental targets are equated with the 
articulatory configuration adopted, and the corresponding acoustic pattern obtained, 
when the segment is produced in isolation. Because the vocal tract cannot change 
instantaneously from one configuration to another, interactive influences in the 
articulatory and acoustic transitions between segments are inevitable when they are 
produced in sequence. The process posited to account for the interaction between 
segments in connected speech is coarticulation. 
Coarticulation is bi-directional in that it may operate from left-to-right and/or from 
right-to-left. Left-to-right or "carry-over" coarticulation refers to the influence of a 
preceding segment on a segment currently in production. Right-to-left or 
"anticipatory" coarticulation obtains when a segment currently in production is 
influenced by the production requirements for a following segment. Carry-over 
effects are thought to be largely mechano-inertial in nature while anticipatory effects 
are believed to be timing effects, reflective of articulatory pre-programming (Gay, 
1977). 
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Coarticulatory effects extend from consonants to vowels (Lindblom, 1963; Stevens & 
House, 1963; Stevens, House & Paul, 1966; Ohde & Sharf, 1975; Recasens, 1991), 
from vowels to consonants (Kozhevnikov & Chistovich, 1965; Moll & Daniloff, 
1971; Benguerel & Cowan, 197 4; Kent, Camey & Severeid, 197 4; Schouton & Pols, 
1979; Recasens, 1984, 1986), from vowels to vowels (Ohman, 1966, 1967; Kent & 
Moll, 1972; Bell-Berti & Harris, 1976; Gay, 1977; Fowler, 1981; Manuel & Krakow, 
1984; Recasens, 1986; Magen, 1984, 1989; Manuel, 1990) and from consonants to 
consonants (Byrd, 1994). The range and relative strength of these different effects 
have important implications for the proposed nature of the underlying units of speech 
production. 
2.2 Phonetic vowel reduction 
In the case of vowels, coarticulation is generally viewed as a process of "feature-
reduction" (Sharf & Ohde, 1981 ). Vowels in context are typically more central or 
reduced in quality than equivalent vowels produced in isolation. The influence of 
adjacent consonants tends to lower F2 in the case of front vowels and raise F2 in die 
case of back vowels (Stevens & House, 1963). However, as Lindblom (1963) points 
out, failure to attain target formant frequency values as a function of context does not 
necessarily imply articulatory and acoustic centralisation. Although a global 
reduction in the degree of acoustic contrast between vowels may be observed for 
vowels in context compared with vowels in isolation (Koopmans van-Beinum, 1980), 
at the level of the individual vowel token, the shift in formant frequency is not 
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necessarily towards the center of the vowel space. Rather, the direction and the 
extent of the shift will depend on the vowel in question and the context in which it 
occurs. For example, in the context of bilabial consonants which are associated with 
low frequency loci (Delattre et al., 1952), undershoot for the low, front vowel /a/ 
would be expected to result in an F2 frequency value closer to the putative neutral 
value of 1500 Hz than to its target value in the region of 1750 Hz (Wells, 1962). 
However, in the context of consonants characterised by high F2 locus frequencies 
such as palatals and velars, failure to attain the vowel target would result in a value 
that is further from, rather than nearer, the neutral value. 
It is therefore important, when describing coarticulatory effects for vowels, to clarify 
the definition of terms such as "vowel reduction", "neutralisation", "target 
undershoot" and "centralisation", all of which tend to be used interchangeably in the 
literature (see Tokuma, 1993 for a review). In this thesis, "phonetic vowel reduction" 
is used to refer to the contextual variation of vowels. It is assumed that, while 
phonetic vowel reduction often results in more central values for vowels compared 
with ideal, target values, the displacement in vowel formant frequency is not 
necessarily towards the neutral value traditionally associated with schwa. Phonetic 
reduction is preferred over "target undershoot" because, unlike the latter term, it is 
not allied to a particular model of coarticulation. A distinction is also assumed 
between phonetic and phonological vowel reduction which refers to the lexical 
alternation of full vowels with schwa (see section 2. 7). 
2.3 Inherent differences between vowels with respect to degree of context-
sensitivity 
There is evidence in the literature to suggest that vowels vary inherently with regard 
to the extent to which they are susceptible to coarticulatory effects. For example, 
greater contextual variability has been observed for lax vowels compared with tense 
vowels (Stevens & House, 1963; Stevens, House & Paul, 1966; Strange, l 989a), for 
back vowels compared with front vowels (Syrdal & Gopal, 1986; Sussman, l 990a; 
Recasens, 1991) and for schwa compared with the full vowels (Flege, 1988; 
Recasens, 1991; Koopmans van Beinum, 1.994). Unstressed vowels have also been 
shown to be more sensitive to context than stressed vowels (Lindblom, 1963; Nord, 
1974, 1986; Fowler, 1981; Magen, 1984, 1989; Krull, 1989; de Jong et al., 1994). 
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Hypotheses regarding the inherent variability of vowels have been formulated on the 
basis of articulatory, acoustic and perceptual considerations. In terms of articulatory 
constraints on variability, there are essentially two accounts for the observed 
differences between vowels with respect to the amount of contextual variation they 
exhibit. The first of these follows the traditional target undershoot approach to 
coarticulation where degree of coarticulation is dependent upon the distance between, 
and the amount of time available in which to reach, segmental targets (Stevens & 
House, 1963; Lindblom, 1963). The second follows the more recent gestural 
approach to coarticulation, where coarticulation is regulated by the degree of 
articulatory compatibility between segments (Recasens, 1984, 1986, 1991; Browman 
& Goldstein, 1984, 1986, 1989; Boyce et al., 1990). 
2.3.1 Target undershoot approach to coarticulation 
According to the target undershoot approach to coarticulation (Stevens & House, 
1963; Lindblom, 1963), phonemes are represented in the speaker's phonetic plan as a 
successive sequence of discrete, invariant target configurations. The articulators 
move toward these targets in response to neural commands: 
During the production of the initial consonant of a syllable, the structures are 
first caused to assume a configuration that is characterised by a vocal-tract 
constriction at a point that depends on the consonant's place of production. 
The structures are then instructed to maneuver toward a configuration that is 
appropriate to the vowel. During the course of this maneuver, a new 
instruction indicates what the articulatory configuration for the final consonant 
should be, and the structures move without discontinuity toward this 
configuration. (Stevens & House, 1963, p.122) 
Because the vocal apparatus as a physical system is characterised by the properties of 
mass and inertia, the success with which a given target is attained depends to a large 
extent upon "the effective 'distance' that the articulators must traverse during the 
various phases of the syllable between the initial consonant, the central syllabic 
nucleus and the terminal consonant" (p.120). It also depends upon the amount of 
time there is available for the articulators to reach the configuration specified by one 
set of motor commands before they have to start moving in response to the next set 
of commands. 
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According to Lindblom ( 1963 ), unstressed vowels and vowels produced at a fast rate 
of speech are more susceptible to coarticulatory effects than their stressed or more 
slowly produced counterparts because they are shorter in duration. Shorter durations 
result in greater overlap in the timing of commands to the articulators which, in tun\ 
result in a greater degree of target undershoot at both the articulatory and acoustic 
level (see Chapter 6, Introduction for a full discussion). 
Assuming that reduction is duration dependent, differences in inherent variability 
between tense and lax vowels and between schwa and the full vowels might also be 
attributed to durational differences. With the exception of /a/, lax vowels are 
inherently shorter in duration than tense vowels (Peterson & Lehiste, 1960). Of all 
the vowels, schwa has the shortest intrinsic duration. 
The majority of studies following Lindblom ( 1963) which investigate the relationship 
between undershoot and duration, examine changes in vowel quality that occur as a 
function of variations in duration due to stress and/or speech rate (Tuller et al., 1982; 
Harris, 1968; 1971, 1973; Gay et al., 1974; Gay, 1974, 1977, 1978; Verbrugge & 
Shankweiler, 1977; Sussman, 1978; Fourakis, 1991) or phonetic context (Summers, 
1987). Krull (1989) includes phonological length as a factor in her analysis of 
consonant-vowel coarticulation in Swedish. However, she reports little difference-in 
amount of coarticulation for long compared with short vowels. Greater differences 
are observed for stressed/unstressed pairs of vowels. This suggests that it is stress 
and not duration which determines reduction. (The relationship between duration and 
reduction is discussed more fully in Chapter 6.) However, it is also possible that the 
phonological length distinction in Swedish does not have the same implications at the 
phonetic level as the tense/lax distinction in English. That is, that properties other 
than intrinsic duration are responsible for differences in degree of context-sensitivity 
between tense and lax vowels. 
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There is evidence that tense and lax vowels in English are also distinguished by 
differences in the temporal structure of the formant trajectories. Lax vowels are 
characterised by relatively shorter onglide durations, shorter steady-state portions and 
longer offglide durations proportional to the total vowel duration than tense vowels 
(Stevens & House, 1963; Stevens, House & Paul, 1966; Lehiste & Peterson, 1961; 
Strange, l 989a). They also differ with respect to the direction of formant movement 
away from the target. Stevens & House (1963) report that for lax vowels, "during 
the remainder of the syllabic nucleus the configuration moves toward a neutral 
position" (p.130). Nearey (1989) observes a similar shift in formant frequency value 
for the lax vowels II.I, Ir.I and la! even when produced in isolation. In contrast, the 
formant frequencies for tense vowels move towards the extremes of the vowel space. 
This distinction is also noted by Strange (1989a). The greater variability oflax 
vowels compared with tense vowels might therefore be attributable to the fact that 
they are articulated with less vocal effort and less divergence from neutral. 
2.3.2 Gestural approach to coarticulation 
The gestural approach to coarticulation provides a framework in which the greater 
variability of lax compared with tense vowels, schwa compared with the full vowels 
and unstressed compared with stressed vowels may be accounted for in terms of 
reduced vocal effort rather than a reduction in duration per se. 
In gestural models, segments are described indirectly in terms of synchronised 
gestures or functional groupings of gestures rather than as spatial targets. 
Coarticulation is attributed to the overlapping production of these gestures. 
Individual gestural models vary with respect to the question of how the production 
units of speech are defined and how precisely phonetic structure is implemented. 
However, in general terms, degree of coarticulation is considered to be dependent 
upon the extent to which the gestures required for a given sequence of segments are 
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complementary or antagonistic to each other. In line with this approach, more central 
vowels arguably show greater susceptibility to coarticulation than more peripheral 
vowels because their articulatory requirements are less likely to conflict with those of 
other segments. 
2.3.2.1 Recasens (1986, 1991) articulatory constraint-based model 
Recasens ( 1986) defines gestural compatibility in terms of the degree of mechanical 
constraint imposed on the articulators during production. He proposes that 
the degree of compatibility between a given gesture and adjacent gestures 
decreases with the degree of articulatory constraint. Thus, highly constrained 
gestures ought to block coarticulatory effects to a larger extent than gestures 
specified for lesser degrees of articulatory constraint. (p. 71) 
In support of this theory, he demonstrates that the degree of V-to-V coarticulation in 
VCV sequences is dependent upon the degree of articulatory constraint involved in 
both the consonantal and the vowel gestures. Recasens' speech material comprised 
V1CV2 sequences in Catalan where V= la/ or Iii and C= one of seven consonants 
involving contrasting degree of articulatory constraint on-the tongue dorsum: 11, t, r, 
r, ~' o, YI. Data was collected from four speakers. The greater the degree of 
tongue-dorsum constraint for the intervocalic consonant, the smaller the V-to-V 
coarticulatory effects that were observed. Effects were also found to decrease 
inversely with the degree oftongue-dorsum constraint for the target vowel: Iii proved 
to be more resistant than la/ to changes in tongue height and jaw opening as a 
function of either preceding or following vowel identity. This finding accords with 
the results of other studies which report greater resistance to vowel-to-vowel effects 
for Iii compared with la/ (Gay, 1974; Bell-Berti & Harris, 1976; Magen, 1989). 
In addition to the amount of coarticulation, where this is defined as the extent of the 
displacement in target formant frequency value, Recasens ( 1986) also reports 
differences between Iii and la/ with respect to the timing of effects and thus the 
overall range of effects. Recasens found that for three of the four speakers, 
anticipatory effects showed an earlier onset time when V1= la/ than when V1=1i/. For 
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two speakers, carryover effects showed a later offset time when V2= /a/ than when 
V2= /i/. (Differences in the temporal extent of coarticulatory effects have also been 
demonstrated for lexically stressed and unstressed vowels. Magen ( 1989) reports that 
anticipatory effects begin later, and carryover effects end sooner in the case of 
stressed vowels.) 
Recasens reports that differences between the two vowels were more apparent at the 
anticipatory than at the carryover level. For instance, for both /i/ and /a/, carryover 
effects could either last until consonantal closure or constriction or extend into V2. 
However, while anticipatory effects usually started at V1 when V1=/a/, they did not 
start until consonantal closure or constriction when V1=/i/. He therefore concludes 
that anticipatory effects are dependent on the degree of mechanical constraint on the 
tongue-body during production of the t~get vowel whereas carryover effects are 
independent of such constraints. 
By extension, in an electropalatographic and acoustic study of C-to-V effects in VCV 
utterances, Recasens ( 1991) reports greater contextual variability for back vowels and 
for schwa than for front vowels. The difference in degree of coarticulation is similarly 
attributed to differences between vowels with respect to the degree of constraint on 
tongue dorsum activity involved during their production. Whereas, in the case of 
front vowels, the entire tongue body is involved in achieving a palatal constriction, for 
back vowels, only the back of the tongue is actively involved in the vocalic 
constriction, leaving the ventral surface of the tongue and much of the tongue dorsum 
free to coarticulate with adjacent consonants. Schwa displays the highest degree of 
variability of all the vowels. Accordingly, Recasens attributes this to "the inherently 
low requirements on the tongue configuration during the production of this vowel" 
(p.187). 
Recasens' observations with respect to schwa are consistent with claims made by 
other researchers that schwa is characterised by an unstable tongue position (Kanter 
& West, 1960; Shriberg & Kent, 1982). In line with Keating's (1988) proposals 
regarding phonetic underspecification, Browman & Goldstein (1992) suggest that 
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schwa may be completely unspecified for torigue position, that is, that it may have no 
independent tongue position of its own but simply represents "a specified 'interval' of 
tim~ between two full vowels in which the tongue continuously moves from one 
vowel to another" (p. 27). 
2.3.2.2 Phonetic underspecification 
The recent upsurge of featural underspecification in phonology following Archangeli 
( 1984) has resulted in a number of proposals attributing various degrees of 
underspecification to segments at underlying and intermediate phonological levels 
(Archangeli, 1988; Kiparsky, 1985; Steriade, 1987). However, while representations 
may be underspecified at abstract levels of the phonology, it has also been assumed 
that during the course of a derivation segments which lack inherent specification for 
given features acquire feature values through the application of phonological 'fill-in' 
or default rules. Thus, they are always fully specified at the surface or phonetic level. 
In contrast to this idea, Keating ( 1988) suggests that "underspecification may persist 
into phonetic representations" (p. 30). If a segment is phonetically unspecified for a 
given feature it will, in effect, be transparent to neighbouring segments' specifications 
for that feature. That is, rather than assimilate the feature values of neighbouring 
segments, it is simply "interpolated through". This idea is largely adapted from 
Pierrehumbert's (1980) model of intonation in which quantitative phonetic rules of 
interpolation build contours between target FO values (see also Pierrehumbert & 
Beckman, 1988). 
According to Keating, phonetic rules of interpolation produce different output forms 
from phonological feature-spreading rules. Transparent segments should display a 
more dynamic, transitional quality along the unspecified dimension that is determined 
equally by the preceding and following context. In contrast, segments which have 
acquired a feature value through phonological feature spreading should display the 
acquired phonetic property throughout the greater part, if not the full extent, of their 
duration. 
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Keating cites the glottal fricative /hi as an example of a transparent segment. Being 
inherently unspecified for oral features, /hi is traditionally assumed to assimilate the 
prqperties of a following vowel. According to Keating, however, "the apparent 
assimilatory effect on the /hi is a dynamic, transitional one, not a static one" (p.37), 
the observed formant trajectories during /hi reflecting interpolation through from the 
preceding to the following context segment. 
Because unspecified segments make no contribution of their own to the continuous 
trajectory between adjacent specified segments, they also permit the interaction of 
adjacent context effects. Thus, in a Nh V/ sequence, it is predicted that vowel-to-
vowel effects will extend in both directions through the medial /hi such that V 1 will 
show systematic variation as a function of V2 and V2 will show systematic variation as 
a function of V1. 
A number of studies in the literature demonstrate strong vowel-to-vowel effects on 
medial schwa in VCdCV sequences, in some cases extending through the schwa 
(Bell-Berti & Harris, 1976; Alphonso & Baer, 1981; Fowler, 1981, 1983; Huffinan, 
1986; Magen, 1984, 1989). For example, Huffman (1986) _found evidence of both 
anticipatory and coarticulatory effects during the schwa segments in lb V1CdCV2b/ 
sequences. For one speaker, carryover effects on the last full vowel from the first full 
vowel were also observed. Similar results were obtained by Magen (1989) who 
analysed trisyllabic sequences of the form /bV1bdbV2b/ where the flanking vowels 
were either /i/ or /a/. Measurements of F2 made at schwa onset, midpoint and offset 
showed vowel-to-vowel effects extending through the schwa in both directions. F2 
values for schwa were influenced by the preceding vowel at onset and by the 
following vowel at offset. A high correlation was also found between variability in 
values measured at the midpoint of the preceding vowel and the identity of the 
following vowel and, similarly, between variance in the midpoint values of the 
following vowel and the identity of the precedLTJ.g vowel. 
Browman & Goldstein's (1992) study represents an attempt to determine whether 
observations such as these reflect interpolation through or, alternatively, may be 
19 
explained in terms of the co-production of schwa with adjacent vowels. Since this is 
the first study which specifically addresses the question of whether or not schwa has 
an. independent phonetic target, the methodology and results are reported in detail 
below. 
2.3.2.3 Targeted schwa: Browman & Goldstein (1992) 
Browman & Goldstein ( 1992) investigate the possibility that schwa is completely 
unspecified for tongue position in a series of stepwise multiple regression analyses 
using articulatory data from the Tokyo X-ray archive (Miller & Fujimura, 1982) and 
computer simulated data. The articulatory data comprised x-ray microbeam tracks 
for /p V 1 p~' p V2p~/ sequences produced by an American English speaker where V 1 
and V2 represented any combination of the vowels /i, £, a, A, u/. Vowels were 
characterised in terms of displacement extrema (peaks and valleys) in the horizontal 
and vertical time course traces of pellets located at the tongue blade, middle and rear 
of the tongue-dorsum. In the case of schwa, the reference points tended to occur 
relatively late in its acoustic duration. Since Browman & Goldstein were interested in 
assessing the relative influence of V1 and V2 on the schwa pellet positions, they 
therefore also made tongue measurements earlier in the vowel at the point where lip 
opening for schwa was maximal. 
Browman & Goldstein argue that if schwa is simply an intermediate point on a 
continuous tongue trajectory between V1 and V2, then the positions of the schwa 
pellets should be entirely predictable from knowledge of the pellet positions for V 1 
and V2. In order to test this, multiple regression analyses were performed on all 
possible subsets of three predictors: V1 position, V2 position and a constant factor 
representing an independent schwa component (the mean schwa position), to 
determine which (linear) combination of the three terms best predicted the position of 
a given pellet dimension during schwa. Results indicated that an independent schwa 
contribution was important to the prediction since V2 plus the constant factor yielded 
a smaller residual variance for schwa than either V2 alone or in combination with V1. 
The stepwise regression also revealed an asymmetry in the amount of influence 
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exerted by V1 and V2 on the tongue position during schwa. While the influence of V1 
was apparent in the initial portion of the schwa, the influence of V2 was apparent 
throughout the schwa. On the basis of these findings, Browman & Goldstein posit an 
account of schwa's variability in terms of articulatory or "gestural" overlap. They 
propose that schwa does involve an active gesture but that this gesture is completely 
overlapped by the gesture for the following full vowel. 
In order to assess the effects that would arise from varying degrees of overlap 
between an active gesture for schwa and the gesture for a following full vowel, 
Browman & Goldstein conducted a series of computer simulations using the 
computational gestural model developed at Haskins Laboratories (Browman & 
Goldstein, 1984, 1989; Saltzman et al., 1988). The model comprises three parts: (I) 
the gestural score which is an abstract representation of the gestures required for a 
given utterance and their organisation over time. This serves as input to (2) the task-
dynamic model (Saltzman, 1986; Saltzman & Kelso, 1987) which produces a 
corresponding set of articulatory movements. These are input to (3) an articulatory 
synthesiser (Rubin, Baer & Mermelstein, 1981) to calculate an output speech 
waveform. 
The simulated data was analysed in the same way as the X-ray microbeam data and 
subjected to the same set of regression analyses. As in the X-ray data, the best two-
term prediction involved V2 and the schwa component. Again, while there was very 
little variation of schwa as a function of V1, Browman & Goldstein report 
considerable systematic variation of schwa as a function of V2. V2 contributed to the 
position of the pellets at both the lip and tongue reference points for schwa whereas 
V1 contributed to the lip pellet position only. The presence of V2 effects during the 
schwa interval support Browman & Goldstein's proposal that the schwa and the V2 
gestures are initiated simultaneously and "unfold together". The influence of V 1 is 
attributed to inertial effects which !•disappear as the tongue position is attracted to the 
"target" associated with the schwa and V2 regimes" (p 51 ). 
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Browman & Goldstein performed two further sets of simulations. The gestural score 
for the first simulation took the same form as before with the exception that the 
tongue body gestures for schwa were removed: "Thus active control of V2 began at 
the end of V 1, and without a schwa gesture, the tongue trajectory moved directly 
from V 1 to V2. During the acoustic interval corresponding to schwa, the tongue 
moved along this V 1-V2 trajectory" (p.52). 
Results indicated that some warping of the trajectory was necessary to produce a 
schwa percept. Where V 1 and V2 were of a different identity to each other, the 
resulting simulations produced utterances whose medial vowels were perceived as 
schwas. However, where V 1 and V2 were of the same identity (particularly when they 
were high vowels) the medial vowel was perceived as being of the same quality as the 
full vowels. 
The second set of simulations also involved an "unspecified" schwa. This time, 
however, the V2 gesture was delayed so that it did not begin at the offset of the V 1 
gesture but at the beginning of the bilabial closure following the schwa. Thus, during 
the schwa interval no tongue-body gesture was active: "The ~otion of the tongue-
body centre during this interval, then, was determined solely by the neutral positions, 
relative to the jaw, associated with the tongue-body articulators, and by the motion of 
the jaw, which was implicated in the ongoing bilabial closure and release gestures" 
(p.53). 
During this interval, the tongue body lowered giving rise to a schwa percept in the 
previously problematic /pipd 'pipd/ sequence. However, lowering was also apparent 
in the other utterances including /papd 'papd/ which, in the X-ray data, witnessed a 
raising of the tongue-body during the schwa interval. Browman & Goldstein argue 
that this shows that the neutral positions for individual articulators do not produce the 
same articulatory effect as an active schwa gesture towards an overall neutral 
configuration. They interpret this as further support for their claim that schwa is 
specified for tongue position. Overall, they conclude that schwa does have a target 
but that "it is still "colourless", in that its target is the mean of all the vowels, and is 
completely overlapped by the following vowel" (p.54). 
2.3.2.4 Targetless schwa: Van Bergem (1994) 
In a more recent acoustic study of coarticulatory effects on schwa, Van Bergem 
( 1994) presents evidence in support of the targetless analysis. He examines Dutch 
schwa in 'VCdC and Cd'CV nonsense words where the context vowel is one of 
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/i, a:,u/ and the consonants any two of /p, t, k, f, s, x, m, n, n, r, l, j, vi. Data was 
collected from three speakers and comprised 897 test words in total. Van Bergem 
reports highly systematic coarticulatory effects on the schwa F2 value which could be 
described using a simple linear model. 82% of the variance in schwa second formant 
trajectories was explained with second-order polynomials, using the vowel onset, 
midpoint and offset as the three reference points. A good approximation of the 
formant trajectories was also obtained with first-order polynomials using just onset 
and offset values. In three-way analyses of variance, between 29% and 3 8% of the 
variance in schwa F 1 value and between 72% and 79% of the variance in schwa F2 
value was explained by context. On the basis of these resul~s, he concludes that 
schwa is "a vowel without articulatory target that is completely assimilated with its 
phonemic context" (p.143). 
The conflicting conclusions presented in Browman & Goldstein's (1992) and Van 
Bergem' s ( 1994) study may reflect differences between the two studies with respect 
to speech material and methodology. However, Browman & Goldstein's argument 
has also been weakened through criticism of their evaluation of the regression results 
(see Kingston, 1992, same volume) and of the distinction they make between an 
overall neutral rest configuration and a neutral configuration specific to schwa (Barry, 
1992, same volume). Both points of criticism are discussed more fully in section 5. 4. 
In the absence of comparative data for the full vowels, the proportion of explained 
variance Van Bergem cites as evidence of schwa's targetlessness is a fairly arbitrary 
measure. It is, therefore, also possible that the high degree of context-dependency he 
observes for schwa reflects weak specificatfon as opposed to complete 
underspecification for tongue position. 
2.3.2.5 Window model of coarticulation 
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The possibility that schwa may be weakly specified as opposed to completely 
unspecified for tongue position, is accommodated within Keating's (1990) window 
model of coarticulation which represents the development of her earlier ideas 
concerning phonetic underspecification. The major advantage of the new model is 
that it allows for intermediate degrees of specification and is therefore no longer an 
"all-or-nothing" option. It thus also permits an account of vowel reduction in terms 
of phonetic underspecification. Whereas an all-or-nothing approach would imply a 
discrete alternation between schwa and t;he full vowels which, in turn, implies 
articulatory and acoustic centralisation, the window model framework accommodates 
inherent differences between vowels with respect to the degree of contextual 
variability they exhibit. 
In the window model, speech production is no longer view~d as a process of 
connecting up target values. Instead, segments are characterised by "windows" which 
represent the full range of contextual variability they exhibit along given articulatory 
dimensions. During production, rules of interpolation serve to build paths through 
the windows. 
Windows are determined empirically by finding the maximum and minimum value 
possible for a given dimension across all contexts. Window width is thus directly 
proportional to overall degree of contextual variability and subsequently varies 
according to individual segments. Segments which display a high degree of variability 
are characterised by a wide window and segments which display little variability are 
characterised by narrow windows. 
Windows are not subject to further variation as a function of context since they 
represent the full range of variability possible for a given feature. Variation across 
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utterances occurs as a function of the different combinations of wide and narrow 
windows. Depending on the sequence of windows, the path through any given 
~ndow may span the entire window width or a more limited range of values within 
the window. Both window width and the relative position of the windows within the 
specified dimension serve to determine the path through them. This is illustrated in 
Figure 2.1, taken from Keating (1990), which shows a sequence of windows within a 
single articulatory dimension and the schematic interpolation between them. 
In (a), a segment characterised by a narrow window occurs between two segments of 
the same identity to each other which are characterised by wider windows. In this 
case, the middle segment shows little variation across contexts and also exerts most 
influence on the interpolated trajectory. In (b ), the middle segment is characterised by 
a wider window than the two context s~gments. The middle segment assimilates its 
turning point to the context and in some cases may simply be interpolated through. In 
( c) and ( d), wide and narrow windows occur in asymmetrical contexts. Whereas the 
wide window shows a linear interpolation between many different contexts, the 
narrow window serves to constrain the interpolation. 
Keating formulates the window model principles for a single articulatory dimension. 
However, she claims that the same principles could also be applied to acoustic 
parameters. Although much of the fine working detail has still to be developed, the 
window model, potentially, provides a framework for describing gradient 
coarticulatory phenomena. 
2.4 Acoustic and perceptual constraints on variability 
Hypotheses regarding the inherent variability of vowels have also been made on the 
basis of acoustic and perceptual considerations (Stevens, 1972, 1989; Syrdal & 
Gopal, 1986; Bladon et al., 1984; Lindblom, 1983, 1990; Lindblom et al., 1992). 
Stevens ( 1972; 1989) proposes that there are areas in the vocal tract which show 
quantal relations between articulation and acoustic output, that is, where 
perturbations in articulation produce minimal effects on the acoustic output. These 
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regions correspond to the regions which yield closely spaced formant frequencies and 
hence well-defined spectral peaks (Fant, 1956). Low variability is therefore predicted 
for Iii on account of the close proximity between F2 and F3 and for lo/ and lul on 
account of the close proximity between Fl and F2, lo/ being characterised by high Fl 
and low F2 target values and lul, by low target values for both Fl and F2. The 
quantal theory of speech production is discussed in more detail in Chapter 7. 
Syrdal & Gopal ( 1986) also predict lower variances for vowels with closely spaced 
formants than for vowels with widely separated formants. Their predictions, 
however, are made on the basis of perceptual constraints on variability. According to 
the bark-difference model, feature categories are defined by a critical distance 
between formants and between Fl and FO of 3 Bark. Front vowels are characterised 
by F3-F2, and high and mid vowels by Fl-FO, bark-difference values of within 3 Bark. 
Back vowels and low vowels have F3-F2 and Fl-FO bark-difference values in excess 
of 3 Bark. In order that the critical distance metric be met, "proximal formants may 
vary only within a 3-bark range from one another, but more distant formants have a 
much wider range over which to vary while still maintaining a distance greater than 3 
Bark" (p. l 095). This idea is explored further in Chapter 4. 
Syrdal & Gopal's prediction is the opposite of that predicted by Bladon et al., (1984). 
According to Bladon et al., vowel recognition is achieved by a process of auditory 
spectral template matching. Since formant spacing is an important part of the 
matching procedure, greater variability is tolerated for proximal, integrated formants 
than for relatively isolated formants. 
Lindblom' s theory of Hyper-hypo speech production (Lindblom, 1983, 1990; 
Lindblom et al., 1992) also makes predictions regarding vowel variability on the basis 
of perceptual considerations. However, in contrast to Stevens' (1972, 1989) quantal 
theory or the proposals of Syrdal & Gopal (1986) and Bladon et al., (1984), the 
Hyper-hypo theory of speech production seeks to account for style-conditioned 
variability rather than inherent differences between vowels. The Hyper-hypo theory 
of speech production is discussed in more detail in section 7. 3. 
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2.5 Phonological vowel reduction 
In view of the fact that many diachronic patterns of variation represent fossilisations 
or phonologisations of synchronic coarticulatory patterns of variation (Ohala, 1993), 
the relative magnitude of coarticulatory effects for different vowels may also be 
predictable on the basis of the extent to which they alternate with schwa at the 
morpho-phonemic level. 
The morpho-phonemic alternation of full vowels with schwa and/or III, referred to 
here as phonological (as opposed to phonetic) vowel reduction, may be either 
obligatory or non-obligatory. Obligatory phonological vowel reduction refers to the 
process by which, within the generativ~ tradition, an underlying full vowel reduces to 
surface [d] and/or [1]. The alternation between [e] and [d] in the second syllable of 
"explain" [ Eksplen] and "explanation" [ EkspldneJ dll] is an example of obligatory 
phonological vowel reduction. Similarly, in derivational pairs such as the following: 
"photogrruiliic, photography"; "diplomatic, diplomacy"; "telegrnphic, telegraphy", a 
full vowel appears in the stressed syllables and schwa in the unstressed syllable. 
Standard generative phonology posits a unique morphological base form from which 
each of these related forms are derived via an ordered set of stress rules. (For a full 
exposition of these, see Chomsky & Halle, 1968.) A similar treatment is given in the 
more recent metrical phonology (Liberman & Prince, 1977; Hayes, 1984). 
In contrast to phonetic vowel reduction, obligatory phonological vowel reduction is 
independent of local context, stress and rate effects. It is a "stable" part of the 
phonology (Bolinger, 1985), occurring whenever the appropriate morpho-
phonological conditions are met. The standard or 'official' pronunciation of 
"explanation", "photography", "diplomacy" and "telegraphy" is with bl in the 
unstressed syllables. Thus, reduction in vowel quality is obligatory insofar as the 
forms [ Eksple1neJ dn], [f 001tngrafr], [ d11ploomas1] and [tE'kgrafr] are 
unacceptable. 
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Non-obligatory phonological vowel reduction concerns the surface alternation of full 
vowels with[~] and/or [1]. For example, the following words may be pronounced 
wi~h either a full vowel or schwa in the unstressed syllable: "molecular" 
([mookkjub] versus [m~kkj~l~]), "condensation" ([knndcn1seJ ~n] versus 
[knnd~n1seJ~n]), "september" ([scp1tcmb~] versus [s~p1tcmb~]), "eccentric" 
[ck1scntnk] versus [1k1scntnk]), "anecdote" ffanckdoot] versus ['amkdoot]). 
Other examples include the alternation between [1] and schwa in "derision", 
"ferocity", "believe", "tranquil"; between [n] and [ ~] in word-initial syllables such as 
"botanic", "morality'' and "collate"; between [3] and[~] in "conurbation", "interdict", 
"verbose"; between [a] and[~] in "abdominal", "acceleration", between [A] and[~] in 
"conductivity", "consultation", and between [u] and[~] in "beautiful" and 
"literature". 
In contrast to obligatory phonological reduction, non-obligatory reduction is 
conditioned by factors such as speech rate and style, reduced forms tending to be 
more common at faster speaking rates or in more casual speaking styles (Dalby, 
1984). Reduction also tends to occur more frequently in function words and 
grammatical items which carry relatively little semantic wei~ht (Bolinger, 1975). 
Thus the widespread alternation of /II with schwa in unstressed position may be 
largely attributed to the relatively high proportion of suffixes in which /II occurs: for 
example, /1b~l/ "indelible, intelligible, possible", /ill/ "gloomily, heavily, merrily'' and 
/rtI/ "equality, morality, legality" as well as the plural suffix /-rz/, the /-uj/ suffix 
indicating the present participle and the /-1d/ suffix indicating the past tense. 
Non-obligatory phonological vowel reduction also operates along a tense-lax 
continuum such that while lax vowels alternate with [r] and/or[~] in unstressed 
syllables, tense vowels tend to alternate with their lax cognates, although further 
reduction to schwa may be possible in some cases at faster speaking rates. For 
example, [i] alternates with [r] in "demobilise", "precursor", "eclectic", "eject", 
"Hebraic", "legality"; [u] alternates with [u] in "euphoria", "musician", ''ubiquitous", 
"capsule" and "fortune" and [:>] alternates with [n] in "alternate", "already'', "also", 
"alter", "cobolt", "salt". Of all the vowels, the low, back, tense vowel /al shows the 
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least tendency to reduce: "arcade", "arboretum", "demarcate", "embarkation", 
"rampart", "impart". 
The existence of alternative lexical variants and their apparent style conditioning is 
indicative of sound change in progress (Ohala, 1981, 1989). It is known that 
connected speech processes may change over time from being gradual, continuous 
effects to being discrete 'phonologised' rules (see Kerswill, 1985). The fact that this 
change takes place gradually (Linell, 1979) allows for the possibility of processes 
existing at different time points along the continuum. That is, at a given time, the 
'old' and 'new' forms of the units undergoing change will both be in current usage 
within the speech community. The selection of one variant over another is likely to 
be conditioned either by sociological differences between speakers or by stylistic 
considerations within the speech of an iadividual or group of speakers. 
With respect to vowel reduction, a vowel that is subject to a high degree of phonetic 
reduction in a given word may be perceived as schwa. As Van Bergem (1995) 
demonstrates, listeners are often not able to unambiguously classify vowels as either 
full or reduced, particularly if they occur in an unstressed syllable that is intermediate 
between a primary and secondary stressed syllable. Over time, this perceptual 
ambiguity may lead to the existence of two lexical variants, one with a full vowel and 
one with a schwa. The form with a schwa may be more commonly used in casual 
speech and the full vowel variant in more formal speech modes. Eventually, the 
variant form with schwa may become the only acceptable form. Thus, obligatory and 
non-obligatory phonological vowel reduction and phonetic vowel reduction might be 
viewed as part of a single historical continuum of reduction. 
According to Van Bergem (1990), phonological and phonetic vowel reduction (in his 
terms, 'lexical' and 'acoustic' vowel reduction) represent a means of economising on 
articulatory effort: 
... people tend to relax their articulation in less informative parts of an 
utterance which results in vowels with a relatively short duration and a 
relatively large spectral distance from the 'ideal vowel target'. The spectral 
shift is usually toward the schwa position, indicating that the schwa probably 
requires the least amount of articulation in many consonantal contexts ... It is 
only a small step to replace such a vowel that has hardly any identity with a 
schwa and to make this substitution a permanent part of the lexical system . 
. (p. 10-3) 
29 
Accepting this relationship between phonetic and phonological reduction, it should be 
possible to observe parallels between the two 'processes' with respect to the pattern 
of variability across vowels. For example, the operation of non-obligatory 
phonological vowel reduction along a tense-lax continuum implies that lax vowels are 
more "cost-effective" than tense vowels which, in tum, implies that they are less 
narrowly specified. Assuming this is correct, lax vowels might be expected to display 
greater phonetic variability generally than tense vowels (i.e. in both stressed and 
unstressed position). Comparable levels of variability to schwa might also be 
predicted for /Ii in view of its extensive alternation with schwa and its own 'reduced' 
status (Fudge, 1984). 
2.6 Summary and research objectives 
In this chapter, alternative accounts for observed differences in the degree of phonetic 
variability displayed by different vowels are explored. Higher levels of contextual 
variability noted in the literature for schwa compared with the full vowels and for lax 
compared with tense vowels suggest a hierarchy of vowel robustness in which tense 
vowels show the greatest, and schwa the least, resistance to coarticulatory effects. 
Adopting the traditional target undershoot approach to coarticulation, greater 
contextual variability for lax vowels than for tense vowels may be attributed to the 
shorter inherent duration of these vowels. However, within a gestural framework, it· 
is also possible that lax vowels are more susceptible to coarticulatory effects because 
they are inherently less fully specified than their tense counterparts where this implies 
less articulatory effort and/or less divergence from neutral. In this case, shorter 
durations may be concomitant with reduced vowel quality but are not the chief 
determinant of the reduction. 
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It is not the intention of this thesis to explicitly test Lindblom's (1963) Undershoot 
Hypothesis. This would require a controlled experimental analysis of the data which 
is not within the scope of the present study. Furthermore, there already exist a large 
number of studies in the literature which show that vowel quality may vary 
independently of duration (Verbrugge & Shankweiler, 1977; Gay, 1978; Tuller, 
Harris & Kelso, 1982; Lisker, 1984; Nord, 1986; Summers, 1987; Den Os, 1988; 
Engstrand, 1988; Fourakis, 1991; Van Son, 1993 inter alia.). Lindblom himself has 
also amended the original model to accommodate variation in the degree of duration 
dependent undershoot as a function of speaking effort and style (Lindblom, 1983; 
Lindblom & Moon, 1988, Lindblom, 1990; Lindblom et al., 1992). Thus, accepting 
that differences between vowels (full versus reduced, stressed versus unstressed, 
tense versus lax) cannot be accounted for solely in terms of durational differences, 
this thesis aims to establish whether there is empirical support for an account of vowel 
reduction in terms of phonetic underspecification. 
In the following analysis (see Chapters 5 and 6), vowels are compared with respect to 
the magnitude and patterns of contextual variability they exhibit with reference to the 
following three questions: 
( 1) What evidence is there to support the suggestion that schwa is completely 
unspecified for tongue and jaw position? 
(2) Are unstressed vowels more sensitive to context effects than their stressed 
counterparts? 
(3) What evidence is there to support a tense/lax, front/back or high/low ~stinction 
between vowels in terms of inherent variability? 
Evidence that schwa is targetless and completely dependent on context would support 
the view of vowel reduction as a means of economising on articulatory effort since 
the straight-line interpolation between consonants arguably reflects minimal 
articulatory effort. Greater contextual assimilation for unstressed vowels compared 
with stressed vowels and for lax vowels compared with tense vowels might therefore 
also be interpreted as a saving on articulatory effort rather than as an automatic 
consequence of shorter durations. A front/back distinction between vowels in terms 
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of variability (Recasens, 1991) may also be explained in terms of varying degrees of 
specification and contextual assimilation. It is, however, less consistent with the view 
that phonetic and phonological vowel reduction in English are part of the same 
historical continuum. 
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Description of the Data-base 
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The speech material used in this thesis comprises six hundred and sixty sentences read by 
one Southern British Standard (SBS) male speaker. These represent a combination of 
two hundred sentences from the ATR spee~h data-base (Laver et al., 1989) and a further 
four hundred and sixty sentences from an anglicised version of the TIMIT speech data-
base (Lamel et al., 1986). 
The sentences cover almost the full range of permissable syllables in English, where the 
syllable is defined as an obligatory vowel nucleus optionally preceded by between one 
and three consonants and optionally followed by between one and four consonants. They 
also give at least one example of all phonotactically permissible sequences of initial and 
final consonants and at least one example of all possible consonant-vowel and vowel-
consonant combinations. For a full description of the design considerations and a 
complete listing of the sentences, see Laver et al. (1988). Ten example sentences (five 
A TR and five TIMIT) are given below: 
( 1) The price range is smaller than any of us expected. 
(2) The smell of the freshly ground coffee never fails to entice me into the shop. 
(3) Thank goodness it's Friday and time to go home. 
( 4) It's difficult to choose between two such equally good alternatives. 
(5) He thanked his colleague for the invaluable lifts to the various conferences that term. 
( 6) The big dog loved to chew on the old rag doll. 
(7) Withdraw only as much money as you need. 
(8) My desires are simple: give me one informative paragraph on the subject. 
(9) The speech symposium might begin on Monday. 
(10) The surplus shoes were sold at a discount price. 
3.2 Recording and digital data acquisition 
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The sentences were stereo recorded at the Centre for Speech Technology Research, 
Edinburgh (CSTR) on a Sony PCM-Fl Digital Audio Unit in a sound treated room using 
a Shure SM-10 A close-talking dynamic cardioid microphone and a desk-mounted 
Sennheiser MKH 406 P48 condenser cardioid microphone. The recordings were low-
pass filtered at 10 kHz and digitised at a 20 kHz sampling frequency with 12 bit 
resolution. 
The same procedures were used for both the ATR and TIMIT data. Although there was 
a time-lapse between recording sessions for the two sets of sentences, comparison of 
vowel formant frequencies in both sets, showed that there was no significant difference in 
vowel formant frequency value as a function of set membership. 
3.3 Segmentation 
The sentences were hand-segmented and labelled in a broad phonetic transcription by a 
number of phonetically trained transcribers (including the author) according to a fixed set 
of segmentation and labelling criteria (see Laver et al., 1989). This was done using 
CSTR's Audlab system incorporating information from a spectrogram, a time-amplitude 
waveform and auditory feedback. While it is impossible to guarantee 100% segmentation 
accuracy (Peterson & Lehiste, 1960; Umeda, 1975; Klatt, 1975), all transcriptions were 
proof-read and amended where necessary by the author in order to ensure as high a level 
of consistency as possible. Vowel tokens were also independently hand-labelled for 
sentence stress by a single transcriber (see section 6. 1). 
3.4 Formant estimation and tracking 
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Formant values were obtained using a peak-picking algorithm which employs a global 
optimisation based on a generalisation of the centroid (Crowe, 1987). According to this 
method, the speech material is Fourier-transformed using a 512-point FFT with a 20 ms 
Hamming window, moved along at 5ms intervals. "High frequency emphasis 
( 6dB/octave) is applied to the power spectrum, and the triple centroid is computed over 
the frequency band from 250 Hz to 2875 Hz" (p. 1019). Formant tracks are produced by 
connecting the frequency estimates with no smoothing or post-processing (see Crowe, 
1987 for a full description). FO values were obtained using a pitch tracking algorithim 
developed at CSTR (Bagshaw et al., 1993). 
3.5 Data-processing 
The data was processed using Acoustic Phonetic S (APS). APS was developed at CSTR 
under the Alvey Speech Input Project (Thomson & Laver, 1987) and consists of a set of 
extensions to the S interactive data-analytic and graphics system (Becker & Chambers, 
1984). APS includes sampling functions which return the mean, maximum or minimum 
values for a specified acoustic interval as well as various plotting and statistical functions. 
As an example of the type of data manipulation that is possible with this system, APS 
commands can be used to access all the /di segments in the data-base together with their 
left and right contexts, sample the formant values at the vowel midpoint and/or at any 
other specified time point and compute their durations. For a full description of APS see 
Watson (1988). 
The majority of the figures in this thesis were created using the Microsoft Excel data-
analysis and graphics package. The Systat statistical package was also used for the 
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statistics in Chapter 4. In all other cases, the BMDP statistical software was used. A full 
description of the statistical procedures are given in the appropriate analysis sections. 
3.6 Accent system 
The Southern British Standard accent system comprises twelve monophthongs 
/i, r, E, a, ~, 3, a, A, n, :>, u, u/ and eight diphthongs /er, ar, au, or, ou, i~, E~, u~/. In the 
present study, only the monophthongs are used in the analysis. In Figure 3 .1, the 
position each of these occupies on the traditional articulatory/acoustic vowel 
quadrilateral is shown. 







This thesis follows convention in using measures of the first and second formant 
frequencies to characterise vowels. While it is a matter of debate as to whether formant 
frequencies are the optimal descriptors of vowel quality (Bladon, 1982), the 
correspondences between formant frequency value and the traditional phonological and 
phonetic dimensions of height and front/backness are well established (Stevens & House, 
1956; Fant, 1960; Veatch, 1991; Maeda & Honda, 1994). F 1 is negatively correlated 
with vowel height such that low vowels are characterised by relatively high F 1 values 
while high vowels are characterised by relatively low Fl values. Vowel front/backness is 
related to F2 frequency, front vowels being characterised by relatively high F2 values and 
37 
back vowels being characterised by relatively low F2 values. The frequency value of F2 
also reflects the lip-rounding feature, with lower frequencies accompanying increased lip-
rounding. 
In Table 3. 1, mean formant values for vowels in the present data are listed for 
comparison with data from Wells (1962). Mean formant values reported by Peterson & 
Barney (19S2) are also included for comparison. The present data was sampled at the 
durational vowel midpoint (see Chapter 4 for a discussion of sampling procedure) and, 
for each vowel, represents the mean values for tokens pooled across all contexts. Both 
Wells' and Peterson & Barney's data represent mean values for isolated productions of 
vowels in /h V di sequences. Peterson & Barney's data is averaged across a sample of 
thirty three American English male speakers, while Wells' data is averaged across a 
sample of twenty five British English male speakers. The values from Wells' and the 
present study are also plotted in Figure 3.2. 
Table 3 .1: A comparison of mean first and second vowel formant values (Hz) for SBS and 
American English vowels. An asterisk marks those cases where values are not available. 
Present data Wells '62 P&B '52 
Fl F2 Fl F2 Fl F2 
i 372 2080 300 2300 270 2290 
I 442 1722 360 2100 390 1990 
£ 607 1633 S70 1970 S30 1840 
a 7S6 1S03 7SO 17SO 660 1720 
~ 481 144S * * * * 
3 SSS 1380 S80 1380 * * 
Q 698 1108 680 1100 730 1090 
A 663 119S 720 1240 640 1190 
D S98 1014 600 900 * * 
) 469 84S 4SO 740 S70 840 
u 428 1326 380 9SO 440 1020 
u 371 1S70 300 940 300 870 
The generally lower F2 values for front vowels and higher F2 values for back vowels in 
the present study may be attributed to the global centralising effects of adjacent 
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segmental context. Higher FI values for the high vowels may similarly reflect contextual 
influence., Despite differences in absolute frequency value, which are to be expected 
across different speakers and contexts, the same relationship between vowel categories 
with respect to height and front/backness is evident in each data-set with the exception of 
the two high, back vowels /o/ and /u/. These vowels are realised by the present speaker 
with a more fronted quality and are therefore characterised by generally higher F2 values 
than in Wells' or Peterson & Barney's data. However, Wells (I 962) also observes that 
Jul and /u/ are sometimes centralised. Henton ( 1983) also notes that the fronting of 
these two vowels is becoming increasingly common among younger speakers of SB S. In 
the following analysis /u/ and /u/ are considered separately in front-back comparisons of 
the data. 
Mean durations for vowels in the present data are given in Table 3.2. They are also 
represented graphically in Figure 3. 3 together with the durations reported by Peterson & 
Lehiste (1960) for comparison. ('GW' represents the present speaker's initials.) 
Table 3.2: Mean durations for vowels pooled across all contexts (msec). 
Q 3 ::> a u i D £ A 0 I d 
Mean 164 148 143 ll8 106 93 100 92 89 66 59 51 
SD 47 40 46 34 47 34 35 31 28 23 22 24 
The large difference in absolute value between the mean durations for the vowel data in 
this study and the mean durations reported by Peterson & Lehiste ( 1960) reflect 
differences in speech material. Peterson & Lehiste examine vowels in isolated eve 
syllables produced in the same carrier phrase. Durations for vowels in connected speech 
are influenced by a wide range of factors including segmental and suprasegmental context 
(Klatt, 1973, I 976) and are typically much shorter in duration than vowels produced in 
isolation. Despite differences in absolute value, the two studies generally show the same 
hierarchy of inherent vowel duration. In both cases, longer mean durations are obtained 
for the low and mid-low, tense vowels la, ::>, 3/ and the long, lax vowel /a/ than for the 
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high, tense vowels Ii, u/ which, in tum, show longer mean durations than the lax vowels 
II, £, o, ;}I. In the present data, the lax vowel I tJ patterns with the other lax vowels while 
lol shows a similar mean duration to Iii and lul. 
Figure 3. 3: A comparison of mean durations for present vow~ls ( GW) and data 








G 3 a u £ 0 I 
--<>--- GW 
----P&L '60 
A one-way analysis of variance performed for the present vowel data showed a 
significant main effect of vowel identity for both the set oflong vowels (F(5, 1195) = 
142.85, p < .0001) and the set of short vowels (excluding schwa)_ (F(4, 2653) = 270.68, 
p < .0001). Post hoc Tukey pairwise multiple comparison of means tests showed no 
significant difference in duration between the long vowels /JI and 131 or between the 
short vowels 1£1 and I tJ. Otherwise all pairwise differences within each set were 
significant at either p < . 01 or p < . 001. A comparison of the vowels la, i, u, £, A, ol 
showed no significant difference in duration between lul and lol or between Iii, 1£1 and 
ltJ. The difference in duration between Iii and lnl was significant at p < .05. All other 
pairwise comparisons were significant at either p < . 0 I or p < . 001. 
3. 7 Distribution of phonemes 
The total number of vowel tokens used in the analysis is 8579. Figure 3.4 shows how 
these are distributed across vowel categories. 
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Preceding and following context segments for each vowel are listed in Tables 3.3 and 
3.4. Individual contexts expressed as a proportion of the total number of contexts per 
vowel are also represented graphically in Figure A 1, Appendix A. 
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The choice of sampling point and means of representing formant frequency values in this 
study are discussed in detail in the following chapter. Details of other measurement 
procedures are given in the appropriate analysis sections. 
Figure 3.2: Comparison of mean formant values for SBS monophthongs. 
GW refers to the present speaker and Wells to data from Wells (1962) 
3.2a: Fl 
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Table 3 .3: Distribution of preceding contexts 
Context i . I £ a ;) 3 Q A D :> 0 u 
s z 51 188 37 16 201 23 10 26 19 17 1 16 
11 55 74 32 12 105 6 4 19 31 9 1 2 
t d 90 293 47 36 404 17 17 22 48 25 15 34 
1 r 257 228 95 70 221 7 40 51 75 22 11 36 
08 65 56 6 16 449 6 1 6 1 4 0 1 
m 23 51 24 25 74 5 4 38 11 22 0 8 
pb 63 81 34 35 115 24 27 17 38 22 13 6 
f v 29 72 28 18 149 19 12 8 13 35 7 4 
w 31 103 51 3 98 16 2 18 23 30 7 3 
f 3 31 65 32 12 114 10 11 12 16 13 9 23 
j 0 1 9 2 47 1 3 7 5 2 19 68 
D 1 22 1 1 8 1 1 0 4 1 0 0 
kg 15 50 31 54 126 8 34 55 35 31 13 11 
Vowel 16 80 30 31 172 7 17 10 31 26 1 1 
?h 24 20 15 36 17 10 12 9 11 8 5 4 
Silence 7 29 7 13 34 1 13 1 4 4 0 0 
Table 3. 4: Distribution of following contexts 
Context i I £ a ;) 3 Q A D :> 0 u 
s z 95 293 46 16 335 21 24 24 29 30 3 32 
11 40 196 101 63 382 15 20 65 70 16 1 14 
td 110 208 72 63 306 39 55 31 65 67 29 34 
1 r 37 76 91 53 283 9 15 31 53 60 19 11 
68 14 53 7 5 56 11 7 20 2 12 1 15 
m 24 58 21 38 146 7 16 32 12 14 4 8 
pb 57 40 13 31 228 15 12 32 52 7 2 12 
f v 46 74 44 21 204 16 29 24 27 5 0 11 
w 24 7 0 0 75 3 2 0 0 12 0 5 
f 3 9 60 15 14 21 2 9 5 6 2 4 5 
j 3 0 0 0 16 0 1 0 0 4 0 2 
D 5 158 5 16 1 0 0 20 14 1 0 0 
kg 55 170 62 56 168 14 16 15 33 16 23 10 
Vowel 178 14 1 1 28 7 0 0 0 19 15 53 
?h 11 2 0 0 45 0 1 0 1 3 0 3 
Silence 52 4 0 0 40 2 1 0 1 3 1 2 
Chapter 4 
Representation of the Spectral Vowel Target 
Introduction 
In this chapter, alternative single-number representations of vowel formant values 
commonly employed in the literature to represent the spectral vowel target are 
compared. The aim is to establish which of these measures is the most suitable for 
representing the vowels in the present data. 
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It is debatable whether vowels may be satisfactorily characterised by a single spectral 
cross section (Strange, 1989) or indeed whether formant frequencies are the optimal 
descriptive parameters of vowel quality (Bladon et al., 1982). However, a single 
number representation of the formant trajectory is considered desirable for present 
purposes on two counts; firstly to facilitate comparison of results with findings in the 
literature (the majority of coarticulatory studies to date describe contextual effects in 
terms of shifts in vowel formant frequency measured at a single instant in time), 
secondly, because it is more convenient and computationally less expensive than other 
multi-parametric or dynamic representations. The decision to use a single number 
representation was considered justifiable on these grounds given that what is required 
for this thesis is a suitable comparative measure of vowel quality, not a complete 
description of the vowel target per se. 
The survey is motivated by the lack of consensus in the literature with regard to the 
question of where the formants should be measured and how the frequency values 
should be represented. Alternative sampling points include the durational vowel 
midpoint, the vowel steady-state and the turning point in the formant trajectory where 
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this represents movement toward and away from a maximum point of displacement. 
Frequency values may be represented linearly or non-linearly along a scale such as the 
Mel or Bark scale, in terms of spectral distance measures or as absolute frequencies. 
It has yet to be established which of the alternative methods of representation 
provides the best classification. The question of whether or not different methods are 
biased towards different vowels also remains to be investigated. 
A further question concerns the practical applicability of different methods of 
representation. Since empirical studies of vowel quality to date almost exclusively 
use speech material which is carefully controlled with respect to context and stress, it 
is not yet known how far the descriptive techniques employed in these studies can be 
applied to vowel data which is unrestricted with regard to these variables. In 
natural continuous speech, vowels are typically shorter in duration and spectrally 
more variable than when pronounced in isolation or in a careful laboratory style in 
which case the location of steady-states may not always be possible. Trajectory shape 
is also likely to vary depending on vowel duration, on the nature of the surrounding 
context or on a combination of both these factors. 
The extent to which methods widely used in the literature can be applied to a sample 
of vowel data where context and stress is not carefully controlled is clearly an 
important issue with respect to the purposes of the present study. It also has 
important implications with regard to the generalisability of coarticulatory theories 
that have been developed on the basis of observations of preselected vowel data. 
The first part of the chapter addresses the question of where the formants should be 
measured. Alternative sampling points are compared with respect to their 
performance in classifying the vowels in the present data. Success in characterising 
vowels is measured in terms of the statistical separability of vowel distributions 
(Assman et al., 1982; Syrdal & Gopal, 1986; Di Benedetto, 1989; Huang, 1992; 
Sussman, l 990a). The goal is to establish (a) whether classification accuracy varies 
as a function of method and (b) whether all methods are equally appropriate for all 
vowel categories. The second part of the chapter considers alternative means of 
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representing the frequency values and evaluates the classificatory performance of 
Syrdal & Gopal's (1986) bark-difference model of vowel-recognition against linear 
spectral distance measures and absolute frequencies. 
4.1 Comparison of alternative sampling points 
4.1.1 Review 
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The putative vowel target is usually equated with that part of the vowel where the 
contextual influence is minimal. This is generally assumed to be the central section, 
hence the widespread use of the durational vowel midpoint as a means of 
representation. However, evidence suggests that vowels vary inherently with regard 
to the slope and duration of transitions into and out of th~ vowel nucleus (Peterson & 
Lehiste, 1961; Stevens, House & Paul, 1966; Strange et al., 1983). Therefore, 
measures such as the steady-state and formant extrema values, which are not 
temporally fixed, may be more accurate methods of characterisation. 
Lindblom ( 1963) defines the vowel target as the turning point in the trajecto~es of the 
first three formants. Other researchers sample the formants at the turning point for 
either Fl (Lisker, 1984; Di Benedetto, 1989; Veatch, 1991) or F2 (Huang, 1992). 
One argument for selecting the FI extremum is that this is likely to be the most 
perceptually salient point in the vowel since it reflects the greatest degree of jaw 
opening and should therefore also coincide with the point of maximum amplitude 
(Huang, 1992; Veatch, 1991). 
In a comparative study of different sampling points, Huang ( 1992) reports a slight 
improvement in classification accuracy for a combination of the F2 and F3 extrema 
with the mean value for FI across the middle 50% of the vowel than for values 
sampled at either the FI extremum or at the midpoint. This finding accords with 
evidence from perceptual studies that FI is perceived with temporal averaging 
(Huang, 1985; Di Benedetto, 1987) while F2 is perceived with overshoot (Lindblom 
& Studdert-Kennedy, 1967). Lindblom & Studdert-Kennedy presented listeners with 
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synthetic /jVj/ and /wVw/ syllables. They found that the F2 values at which the 
percept of the vowel changed from the back vowel /o/ into the front vowel /I/, was 
higher in the case ~f the /j-j/ frame than in the case of the /w-w/ frame. The listeners 
thus reported higher values than were actually reached in the stimuli, indicating 
perceptual overshoot. 
These measures may be well motivated with respect to what is known about 
production and perceptual strategies but their usefulness as general descriptors of 
vowel quality is questionable on account of their limited practical applicability. For 
example, depending on the properties of the vowel in question and its adjacent 
context, the formant trajectory in a eve sequence may not display any deviation 
from the linear transition between adjacent consonants that can be associated with 
specific movement towards the vowel target. This may be due, on the one 
hand, to extreme consonant-vowel coarticulation (Krull, 1989) or, on the other, to 
the fact that no deviation is required since the vowel target represents an intermediate 
point on the consonant-to-consonant trajectory. Alternatively, the trajectory may 
show considerable deviation from linearity but, depending on context, may show an 
"L-shape" rather than a "U-shape". These alternative possibilities are illustrated 
schematically in Figure 4.1 where (a) represents U-shaped trajectories, (b) represents 
extreme consonant-vowel coarticulation and/or linear interpolation through and ( c) 
represents L-shaped trajectories. 
U-shaped trajectories are likely to be more common in the case of Fl than F2 since 
the F 1 target values for vowels are typically higher than F 1 consonantal locus values, 
resulting in eve trajectories characterised by a maximum value toward the center 
and lower values at the consonant-vowel boundaries (Stevens, House & Paul, 1966; 
Di Benedetto, 1989). Vowels typically involve a more open constriction than 
consonants and an increase in jaw opening generally implies an increase in F 1 
frequency value. The F 1 extremum may thus provide a more reliable measure than 
the F2 extremum in terms of being more widely applicable. 
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A potential problem with selecting either the FI or the F2 extremum, is the possibility 
that vowels vary with regard to which formant is the most perceptually salient. Van 
Son ( 1993 ), for ex~ple, claims that the size of the FI excursion is relevant to vowel 
identity in the case oflow and mid-low vowels which are characterised by high Fl 
values but is less important for high vowels which are characterised by low FI values. 
For this reason, use of the FI extremum as a general sampling point may be 
inappropriate. Similarly, while formant values sampled at the midpoint may provide a 
reasonable representation of the vowel target in the case of tense vowels, they may be 
less representative of target values in lax vowels. Tense vowels are believed to be 
characterised by transitions of approximately equal slope and duration, whereas lax 
vowels have been shown to display considerable asymmetry in their transitions 
(Lehiste & Peterson, 1961; Strange et al., 1983). Given that the target is reached 
earlier and held for a shorter period of time in the case of lax vowels, sampling the 
formants at the temporal vowel midpoint may yield values characteristic of the vowel 
offglide rather than the target. 
The question of whether or not different methods show a bias towards different 
vowels is of central concern in the present study. Since a goal of this thesis.is to 
compare vowels with respect to the relative variability they exhibit as a function of 
context, it is important that the means of representation selected should be equally as 
appropriate for all the vowel categories under study. This is to ensure that differences 
between vowels with respect to the variability they exhibit is attributable to 
differences in their relative degree of sensitivity to context, not to what amounts to an 
incorrect parameterisation of the target in the case of some (but not all) vowels. This 
question also has important implications for the interpretation and comparison of 
results across studies which employ different measurement procedures. 
In the following analysis, methods will be evaluated in terms of their practical 
applicability and the comparative success with which they characterise individual 
vowels as well as in terms of overall classification accuracy. 
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4.1.2 Methodology 
Fl and F2 were sa~pled at (I) the durational vowel midpoint (Midpoint), (2) the 
vowel steady-state (Steady-state) and, for those trajectories showing a clear turning 
point at (3) their respective points of maximum displacement (Fl/F2max), (4) the 
point of maximum displacement for Fl (Fl max) and (5) the point of maximum 
displacement for F2 (F2 max). To allow for the possibility that formants do not reach 
their targets at the same time, F 1 maximum and F2 maximum/minimum values were 
also combined with F2 and Fl values averaged across the middle 50% of the 
trajectory, (6) Fl max, F2 mean-mid and (7) F2 max, Fl mean-mid. Values were also 
averaged for both F 1 and F2 across (8) the middle 50% of the vowel (Mean-mid) and 
(9) the entire vowel duration (Mean). 
Steady-state values for the vowel were obtained automatically using an adaptation of 
Van Bergem's (1988) formula which locates the point in the vowel where the rate of 
change in the logarithm of F 1, F2 and F3 is at a minimum. Displacement extrema for 
U-shaped trajectories were also located automatically by calculating the amount of 
deviation shown by the maximum and minimum value in the trajectory from _a straight 
line drawn between vowel onset and offset. The point which represents the most 
deviation from the line is regarded as the target. 
Success in characterising vowels is measured in terms of the separability of vowel 
distributions. This is quantified statistically by means of a Bayesian classifier using a 
quadratic discriminant function (James, 1985). Quadratic discriminant analysis 
performs a classification function that assigns each sample token to a category on 
the basis of which estimated a posteriori probability of class membership is the 
highest. 
A feature vector of formant values for each token serves as input to the classifier. 
The mean feature vector and covariance matrix is computed from the feature vectors 
for all the tokens within a given class. This serves as the class model. The 
discriminance between class models for each token is calculated. The individual 
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quadratic discriminance scores (converted to negative logarithm base 2) represent the 
probability of correct class membership for each token. From these the mean 
negative log probabil~ty scores for each vowel class are calculated. These give an 
indication of the classification accuracy obtained for each vowel class. The 'entropy' 
of the classification is also determined (Shannon, 1949; Pierce, 1962). This provides 
a measure of the overall classification accuracy (i.e. across all vowel classes). The 
lower the mean negative log probability scores and the lower the entropy scores, the 
better the performance of the classifier. In the present data, the maximum entropy 
score possible is obtained when the probability of membership is equal for all classes, 
that is, when the log probability is log (1112). In this case, the entropy is equal to -log2 
(1h2) = log2 12 = 3.58. 
Other researchers using discriminant analysis techniques to quantify vowel 
separability present results in terms of percent correct classification scores (Syrdal & 
Gopal, 1986; Di Benedetto, 1989; Sussman, 1990a; Huang, 1992). These represent 
the number of tokens within each class that are closer to the correct class model than 
to any other class model. Mean negative log probability scores provide a more 
accurate measure of the classifier's performance because they reflect the dist3:11ce of 
all the tokens within a given class from the class model. 
In order to gain an appreciation of how far the amount and direction of spread in 
frequency value varies across different methods, coefficient of variance values for F 1 
and F2 were also calculated for each vowel for each method. These are shown in 
Tables 4.1 :4. The coefficient of variance expresses the standard deviation as a 
percentage of the mean. This normalises for differences in mean value as a function 
of formant frequency range and thus permits direct comparison of variability along Fl 
and F2 and of the variability shown by different vowels. 
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4.1.3 Results 
4.1.3.1 Comparati~e discriminability of vowel tokens with U-shaped trajectories 
Across all vowels, only 11 % of tokens showed a clear turning point in the trajectory 
for both Fl and F2. A further 22% of vowel tokens were characterised by a turning 
point for F2 (but not for Fl) while a further 23% of tokens were characterised by a 
turning point for Fl (but not for F2). The data is accordingly divided into four 
subsets: (a) Fl/F2-max, those tokens for which turning points are discernible for both 
FI and F2, (b) FI -max and ( c) F2-max, those tokens in which either the first or 
second formant display turning points and (d) No-disp (no displacement), those 
tokens in which neither formant trajectory shows a clear turning point. The entropy 
scores obtained for each method within each subset are presented in Table 4.5. 
Table 4.5 Entropy scores for each method within each vowel subset. 
The scores for F l/F2 sampled at the F2/F l point of maximum displacement are given in parenthesis. 
Midpoint Steady-state Fl/F2 max Fl max F2max Mid-mean Mean 
Fl/F max 1.03 1.07 1.12 l.08 (l.24) 1.05 (l.18) 1.02 1.27 
Fl max 1.26 1.41 * 1.33 (l.40) * 1.29 1.39 
F2max 1.47 1.47 * * 1.48 (l.68) 1.47 1.61 
No disp 1.36 1.51 * * * 1.40 l.55 
Wilcoxon signed rank tests were performed pairwise for each method across sets 
using the mean negative log probability scores obtained for each vowel category. 
These are given in Table 4.6:9. Results at a significance level of p < 0.05 indicate 
greater overall discriminability for tokens that are characterised by a U-shaped 
trajectory for both formants than for tokens which show a U-shaped trajectory for 
one formant only or which show no turning point in either trajectory. The Fl/F2-max 
set shows greater overall classification accuracy than each of the other sets for each 
method except Mean where the score is not significantly different from the score 
obtained for this method in the Fl-max set. 
The differences in score between the Fl-max set and the No-disp set are significant 
only in the case of the Mean method, indicating a poorer comparative performance 
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for this method in the No-disp set. Differences between the Fl-max and F2-max set 
are significant in all cases except for Steady-state. The Steady-state score also 
represents the only .significant difference in recognition rate between the F2-max and 
the No-disp set. F2-max shows a significant improvement in score for this method 
compared with the equivalent score in the No-disp set. 
4.1.3.2 Relative performance of the alternative representations 
The relative performance of the different methods of representation is assessed firstly 
in terms of the classification accuracy obtained for individual vowels and secondly in 
terms of overall classification accuracy. Wilcoxon signed rank tests were performed 
pairwise across methods for each vowel within each subset using the negative log 
probability scores for individual tokens. Differences in classification accuracy 
between the Midpoint, Mean, Mean-mid and Steady-state methods for each vowel 
were also tested for significance using vowel data pooled across subsets. For this set, 
all non-steady-state tokens were excluded from the analysis in order to permit direct 
comparison of the four methods. Finally, Wilcoxon tests were performed using the 
mean negative log probability scores for each vowel category to determine which 
method, if any, gives the best overall performance. 
In general, lower probability scores, and therefore higher classification accuracy, are 
obtained for the Flmax, F2 mean-mid and F2max, Fl mean-mid representations than 
for the representations where both F 1 and F2 are sampled at either the point of 
maximum displacement for Fl or F2. In the Fl/F2-max set, the Flmax/F2 mean-mid 
shows a significant improvement in classification accuracy compared with F 1 max for 
/a, ::>, i, n, tJ. Similarly, the score for F2max/Fl mean-mid is significantly better than 
F2max for la, ::>, i, £, n, A, u, 3/. Higher classification accuracy generally correlates 
with lower variances. With the exception of 13, ~' u/, all vowels show higher 
variances for F2 values sampled at the F 1 extremum than for the corresponding F2 
mean-mid values. Similarly, all vowels apart from 13/, show higher variances for Fl 
sampled at the F2 extremum than for the corresponding F 1 mean-mid values. 
Wilcoxon results also demonstrate significant differences between the two 
.,-:...·· 
.·., . ~~\~. f[l/tt~.,, 
-·•,,./ "~·.\ 
~ ·:i. \ 1: 1;.~; 
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representations in the F2-max set for all vowels except /n/ and /Al, and in the Flmax 
set, for /i, r, £, ), J/. 
Examination of the times at which Fl and F2 reach their respective displacement 
extrema in the Fl/F2-max set shows that the extrema for both formants occur within 
the same time frame on only 12% of occasions and within 20 ms of each other in 46% 
of cases. (However, Fl and F2 both reach their maximum within the middle 50% of 
the vowel in 68% of cases.) Since the F 1 max and F2max measures obtain 
consistently poorer recognition rates than the Fl/F2max, F2/Fl mean-mid measures, 
they are excluded from the remainder of the analysis. Henceforth F 1 max and F2max 
will refer only to the F 1 max, F2 mean-mid and F2max, F 1 mean-mid combinations 
respectively. 
The Fl/F2max representation generally performs worse than either Flmax or F2max. 
It obtains significantly poorer scores than F2max in the case of /a, 3, u, r, A, u, J/ and 
significantly poorer scores than Fl max in the case of Iii, /al and /n/. This result is 
also attributable to higher variability for F 1 maximum and F2 maximum/minimum 
values than for F 1 and F2 mean-mid values and subsequently to a greater co~bined 
variance for the Fl/F2 max representation. For example, the coefficient of variance 
values for /n/ are 11.00 for Fl maximum values, 18.44 for F2 minimum values and 
8.51 for F2 mean-mid values resulting in a combined variance of 19.51 and 29.44 for 
the Fl max and Fl/F2max representations respectively. F2 maximum/minimum values 
have the highest variance of all F2 measures for all vowels except /ii, Ir!, 1£1 and /J/. 
F 1 maximum values have the highest variance of all F 1 measures for 
/3, ), u, £,A, n, u/, the highest variance after Mean for /a/ and the highest variance 
after Steady-state for /J/. 
Significantly better scores are obtained with the F 1 max than the F2max method for 
lo/ and /i/ while F2max performs significantly better than Fl max for /a/, /3/, /u/ and 
/J/. In the case of Iii the improved performance of Fl max over F2max may be 
attributed to higher variances for F 1 mean-mid than F2 mean-mid values and a 
consequently higher combined variance for F2max than F 1 max. I al is the only vowel 
53 
which obtains a significantly better recognition rate for Flmax than F2max and lower 
variances for FI maximum than F2 maximum/minimum values. Similarly, in the case 
of /a/ and /u/, the imp.roved performance of F2max is due to higher variances for F2 
mean-mid than Fl mean-mid values. For both these vowels F2 maximum/minimum 
values are more variable than the corresponding Fl maximum values. 
The apparent preference for Flmax over F2max shown by /a/ is also supported to 
some extent by the results in the Fl-max and F2-max sets. For /al tokens in the F2-
max set the F2max representation performs significantly worse than any of the other 
methods whereas in the FI -max set, the FI max representation score for I al is 
equivalent to that obtained by Midpoint and Mean-mid. In the case of I Al which is 
spectrally similar to /al, Fl max obtains the joint best score with Midpoint. For the 
other vowels, FI max performs significantly less well than either Midpoint or Mean-
mid. 
In the F2-max set the F2max representation performs significantly better than the 
other methods in the case of /i/ and /d/ and also performs comparatively well for 1£1. 
It performs significantly less well for /a/ than either Midpoint or Mean-mid ~d, after 
Mean, obtains the worst score for /JI. 
It was not possible to obtain steady-state values for 21 % of Id/ tokens, 11 % of III 
tokens, 9% of /u/ tokens, 3% of /u/ tokens and a limited number of /a, £, i, n, Al 
tokens (less than I%). Because it is necessary to have matched pairs for the 
Wilcoxon tests, the statistical significance of differences in score between Steady-
state and the full range of methods can only be tested in a few cases within the 
individual subsets. However, direct comparison of Steady-state with Midpoint, Mean 
and Mean-mid is possible within the pooled data set which excludes all tokens for 
which steady-state values were unobtainable. Within this set, Steady-state performs 
significantly worse than the other methods in the case of /a/, /J/ and /n/. It is joint 
worst with Mean for /u/ and worst after Mean for /i, £, A, u, d/. · It performs best for 
la/ and better than Mean-mid for/£/. 
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The comparative performance of Steady-state is positively correlated with vowel 
duration. In the case of the Fl-max and the No-disp tokens, which display the 
shortest mean durations, Steady-State performs comparatively poorly. It compares 
more favourably with the <:>ther methods in the F2-max set and in the Fl/F2-max set 
which show significantly higher mean durations. For example, in the No-disp set, 
Steady-state displays the highest combined variance of all the measures for all the 
vowels apart from la! and 13/. In the Fl-max set it also shows higher variances than 
the other measures for la, £,a, n, u, 3/. In the F2-max set, Steady-state obtains the 
highest recognition rate for hi and Iii and for 131 jointly with F2max and Midpoint. It 
also shows the lowest F2 variances for all vowels within this set and the lowest F 1 
variances in the case of Ir, a, 3, Al. 
In the pooled data set, Midpoint and Mean-mid give a significantly better 
performance than Mean and Steady-state in all cases. For the tense vowels la/, hi, 
lul and the long, lax vowel la!, the scores for Midpoint and Mean-mid are not 
significantly different. Midpoint performs better than Mean-mid in the case of 
Ii, 3, r, £, ol and schwa while Mean-mid gives the best performance for In/. Mean 
performs worse than other methods in the case of Ii, 3, r, £,A, ul and I~ I. For the 
other vowels it gives the worst performance after Steady-state. 
4.1.3.3 Overall classification accuracy 
In order to assess overall classification accuracy, a Wilcoxon signed rank test was 
performed pairwise across methods within each set using the mean negative log 
probability scores for individual vowel categories. In the No-disp set, the results 
reveal significant differences in score between each of the methods except Mean and 
Steady-state. The lower entropy scores obtained for the Midpoint and Mean-mid 
methods in this set, therefore, indicate greater overall classification accuracy with 
these methods than with either the Mean or Steady-state measures. In the Fl/F2-max 
set, the score for Mean is significantly different from each of the other scores 
confirming that this gives the worst performance. There is also a significant 
difference in score between the Mean-mid and the Fl/F2-max representations, 
showing a better performance for the former method. In the F2-max set overall 
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classification accuracy is similar for all methods except Mean which gives the worst 
result. In the FI-max set Midpoint gives the best overall classification accuracy 
followed by Mean-mid. 
4.1.3.4 Providing additional information 
Table 4.10 gives the entropy scores obtained for each method when duration is also 
given as an input parameter to the classifier. 
Table 4.10: Entropy scores for each method within each vowel subset when duration is also given 
as an input parameter. 
Midpoint Steady-state FJIF2 max Fl max F2max Mid-mean 
Fl!F2 max 0.73 0.89 0.79 0.76 0.77 0.73 
Fl max 1.04 1.21 * 1.08 * 1.05 
F2max 1.26 1.25 * * 1.28 1.26 
No disp 1.07 1.4 * * * 1.20 
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Percent correct classification scores computed for the Midpoint and Mid-mean 
methods in the pooled data set show an 8% improvement in overall classification 
accuracy with the addition of duration. They also show that this is entirely due ·to an 
improvement in the classification accuracy for the lax (short) vowels. The greatest 
improvement in score occurs for /Al (32%), /~/ (19%) and /r/ (10%). Not 
unexpectedly, durational information serves principally to reduce the confusion 
between tense/lax pairs. For example, in the case of I Al the greatest confusion is 
with /a/. Without durational information, 38% of I Al tokens are misclassified as /a/. 
When duration is supplied, this figure is reduced to 9%. The improvement in 
separability between Iii and /r/ is less at 2%. 
4.1.3.5 Comparative discriminability of individual vowels 
In addition to variation in score as a function of method, there is also considerable 
variation in classification accuracy as a function of vowel identity. In all sets the tense 
vowels and the long, lax vowel /a/ are consistently better recognised than the other 
lax vowels. For the No-disp tokens the mean score across methods for the tense 
vowels as a set is . 90 compared with 2. 00 for the lax vowels including schwa, and 
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1. 86 excluding schwa. (The corresponding mean percent correct classification scores 
are 85%, 34% and 47% respectively.) Comparison of these figures with the 
corresponding figures in the Fl/F2-max set, .75 (88%) for the tense vowels and 1.43 
(46%) for the lax vowels including schwa and 1.20 (57%) excluding schwa, shows 
that the improvement in overall classification accuracy for the Fl/F2-max set is due 
chiefly to an increase in the recognition rate for the lax vowels. Comparison of the 
mean scores for individual vowels shows that the largest improvement occurs for /Al, 
/o/ and /u/. The Fl-max and the F2-max sets also show lower mean scores for the lax 
vowels compared with the No-disp set 1.77 (1.60 excluding/~/) and (1.78 excluding 
fa/) respectively. The mean score for the tense vowels in the Fl-max set is the same 
as that in the No-disp set and higher (1.05) in the F2-max set. Across all sets, the 
vowels that are consistently most well recognised are /a/, Iii and/)/. The vowels 
which consistently achieve the worst recognition rates are /J./ and fa/. 
4.1.4 Discussion 
4.1.4.1 The relative performance of alternative representations 
The formant extrema measures proved to be the most limited in terms of practical 
applicability. Only 11 % of tokens displayed a turning point in both formant 
trajectories. A higher percentage of tokens displayed turning points for either Fl or 
F2. As predicted, more tokens were characterised by Fl extrema than by F2 extrema. 
However, the total number of these was still considerably less than might have been 
expected (e.g. see Stevens, House & Paul, 1966; Di Benedetto, 1989; Huang, 1992). 
The relatively small proportion of vowel tokens characterised by U-shaped 
trajectories in the present data reflects the wide range of contexts and the lack of 
restriction of segmental sequences. Many of the previous studies which characterise 
vowels in terms of formant extrema use phonemically symmetrical eve syllables 
(Lindblom, 196 3; Stevens, House & Paul, 1966; Lisker, 1984) whereas the present 
data includes phonemically asymmetrical CVC syllables as well as other VC and CV 
combinations. 
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Huang (1992) and Di Benedetto (1989) use contexts which are asymmetrical with 
respect to the place of articulation of the adjacent consonants. However, Huang's 
data was controlled with respect to the voicing characteristic of the intial consonant 
and the place and manner characteristic of the final consonant. Di Benedetto's speech 
material was controlled with respect to the voicing characteristic of initial and final 
consonant. Furthermore, Huang used only stressed vowels. Di Benedetto used 
monosyllables in carrier phrases. 
Stressed vowels and vowels in monosyllables tend to be longer than unstressed 
vowels (Fry, 1965) and vowels in polysyllabic words (Port, 1981) and vowels also 
tend to be longer preceding voiced consonants than preceding voiceless consonants 
(Peterson & Lehiste, 1960; House, 1961 ). According to the Undershoot Hypothesis 
(Lindblom, 1963) shorter durations result in increased coarticulation. Size of formant 
excursion has been shown to be inversely related to amount of consonant-vowel 
coarticulation (Lindblom, 1963; Krull, 1989; Sussman, l 990a). Tokens with 
displacement extrema show longer mean durations than the tokens without extrema 
(although the ratio of stressed to unstressed vowels is similar across sets). Thus, 
greater consonant-to-vowel coarticulation may also account, in part, for the relatively 
low number of tokens with displacement extrema in the present data. 
4.1.4.2 Bias towards individual vowels 
There is some evidence that low vowels are better characterised by Fl extrema than 
by F2 extrema. FI max performs better than either Midpoint or Mean-mid in the case 
of la/ and /Ai. For the other vowels, it performs worse than either of these methods. 
However, it also gives a worse performance for the low, front vowel /a/ in the Fl /F2-
max set than the other methods and a worse performance than either Midpoint or 
Mean-mid in the FI-max set. The central vowels 13/ and /;;,/ appear to be better 
characterised by F2 extrema than the other methods. 
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In the introduction to this chapter, it was suggested that Midpoint may be biased 
towards tense vowels since there is evidence that these are characterised by 
symmetrical transitions whereas lax vowels are characterised by asymmetrical 
transitions (Lehiste & Peterson, 1961; Strange et al., 1983). In the present study, no 
difference in the comparative performance of Midpoint was found as a function of the 
tense/lax distinction. 
It is possible that, in the present data, inherent differences between tense/lax vowels 
with respect to the time at which the target is reached, are obscured by temporal 
variations induced by context. However, it may also be the case that the differences 
in the formant structure of tense and lax vowels reported in the literature simply 
reflects greater context sensitivity in the case of lax vowels. In the present data, tense 
vowels were consistently well recognised whereas lax vowels obtained consistently 
poor recognition rates. This suggests that tense vowels are less contextually variable 
than lax vowels. The apparent symmetry of the transitions for tense vowels may 
therefore simply be indicative of a longer, more stable target area. 
4.1.4.3 Overall classification accuracy 
Overall, the formant extrema measures perform poorly in comparison with the other 
methods. This may be attributed to the relatively high variability of Fl maximum and 
F2 maximum/minimum values compared with the other F 1 and F2 measures. The 
variability, in turn, is due to the inherent context-sensitivity of this measure. The 
times at which F 1 and F2 reach their point of maximum displacement vary across 
contexts. F 1 and F2 are also affected differentially by context. 
These results indicate that, in absolute terms, values sampled at the formant extrema 
are no more meaningful for vowels in context than values sampled at other points in 
the formant trajectory. However, this does not necessarily imply that formant 
extrema are less relevant perceptually than other aspects of the trajectory. The 
results, to some extent, are an artefact of the evaluation procedure. Although greater 
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separability in the distribution of acoustic values may assist vowel recognition, the 
listener also has recourse to dynamic contextual information as well as other acoustic 
information. It is, therefore, possible that these measures are more representative of 
the target than other measures if supplemented with temporal and relational 
information. For example, Di Benedetto (1989) reports greater classification 
accuracy for vowels along the height dimension when the slope and duration of 
transitions and the F 1 onset frequency values were provided in addition to the F 1 
maximum value. 
In terms of statistical separability, the Midpoint and Mean-mid give the best 
performance. In the Fl-max and No-Disp sets Midpoint obtains the lowest entropy 
score. This is due to the improved performance of Midpoint over Mean-mid for lax 
vowels and the higher ratio of lax to tense vowels. Averaging across the entire 
trajectory results in low classification accuracy because transitional information is 
incorporated into the representation. Assuming that reduction is duration dependent 
(Lindblom, 1963), for short vowels, averaging across the middle 50% of the vowel is 
also likely to result in less contrast between vowels for the same reason. With the 
exception of /a/, lax vowels are inherently shorter in duration than tense vowels 
(Peterson & Lehiste, 1961). The tokens in the Fl-max and the No-disp sets also 
show shorter mean durations than the F2-max and Fl/F2-max sets. 
4.1.4.4 Summary 
In the present data, there are significant differences between vowels with respect to 
overall discriminability as measured in terms of the statistical separability of formant 
values. A tighter clustering of values and higher recognition rates are obtained for 
vowel tokens which are characterised by turning points in both formant trajectories 
than tokens which display a turning point in one formant only or which show no 
turning points in either trajectory. Classification accuracy also varies significantly as a 
function of vowel identity. Tense vowels are generally better recognised than lax 
vowels. /i/, /a/ and /-:J/ obtain the highest recognition rates across methods while /II 
and /~/ are the most poorly recognised. 
Classification accuracy also varies significantly as a function of method. Overall, 
Midpoint and Mean-mid give the best, and Mean the worst, classification accuracy. 
For the tokens which display extrema, F 1 max and F2max perform better than 
Fl/F2max but generally perform worse than Midpoint and Mean-mid. The 
performance of Steady-state is variable across vowels and vowel subsets and is, 
predictably, also correlated with vowel duration. 
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There is some variation in the ranking of individual methods across vowels. 
However, the pattern of results for individual vowels is not constant across vowel 
subsets which suggests that there may be a context x method as well as vowel x 
method interaction. In order to test the general validity of these results, therefore, it 
would be necessary to repeat the comparison with other data. For present purposes, 
however, the only evidence of vowel bias is the comparatively better performance of 
F 1 max in the case of I al and of F2max in the case of /3/ and /~/ and a generally 
poorer performance of Steady-state in the case of lax vowels than in the case of tense 
vowels. 
Steady-state is not considered suitable as a general sampling point in view of its 
variable performance across vowels and subsets. The formant maxima measures are 
discounted largely on account of their limited practical applicability but also on 
account of their relatively poor performance in terms of overall classification 
accuracy. Of the remaining methods, Mean is discounted on account of giving the 
worst overall classification accuracy. Since Midpoint gives the best overall 
classification, this method is used in subsequent analyses. 
4.2 Comparison of difTerent representations of the formant fequency values 
Non-linear auditory transforms and spectral distance measures have been shown to 
successfully normalise differences in frequency range across different speaker groups 
(Syrdal & Gopal, 1986; Hillenbrand & Gayvert, 1993). It is, however, not known 
whether these methods offer any advantage over linear and absolute frequency values 
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in terms of normalising within speaker variability as a function of phonetic context. In 
order to address this question, Syrdal & Gopal's (1986) bark-difference model is 
compared with linear spectral distance measures and absolute frequencies to 
determine which gives the best classification accuracy for the vowels in the present 
data. The bark-difference model is selected for special attention in the present study 
since Syrdal & Gopal themselves suggest that it may serve to normalise rate- and 
context-dependent variability. They make this suggestion in the light of results from 
earlier studies (Syrdal & Steele, 1985; Syrdal, 1985) which indicate that binary 
feature classification along bark-difference dimensions is robust across different 
phonetic contexts. 
4.2.1 Syrdal & Gopal's (1986) Bark-difference model of vowel recognition 
In Syrdal & Gopal's (1986) bark-difference model of vowel recognition, vowels are 
represented in terms of the auditory distance between their component frequencies 
and between FI and FO. Fundamental and formant frequencies are converted to a 
critical band (Bark) scale. The critical band scale divides the frequency range into 
twenty four perceptually equivalent units. It increases with frequency linearly to 500 
Hz and approximately logarithmically thereafter. Once the values have been bark-
transformed, FO is subtracted from Fl and F2 is subtracted from F3 and the simple 
Euclidean distance between them represents auditory distance. 
A critical distance of 3 bark for the "spectral center of gravity effect" (Chistovich & 
Lublinskaya, 1979) is used to classify vowels into binary categories along each bark-
ditference dimension. The spectral center of gravity effect refers to the auditory 
averaging of two or more formants. Perceptual studies with synthetic vowels indicate 
that 
the ear effectively averages two formants which are relatively close together ... 
and receives from them an overall quality roughly equivalent to that which 
would be produced by a single intermediate formant. (Delattre et al., 1952, 
p. 209) 
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On the basis of the results of these and similar studies, Chistovich & Lublinskaya 
(I 979) suggest a model of auditory processing which consists of two stages: (I) 
spectral peak picking and (2) integration of these peaks over a critical distance of 3 to 
3.5 Bark. Integration of Fl and F2, when it occurs (i.e. when the formants are within 
3 to 3.5 Bark of each other), produces the phonetic percept ofbackness. Fant (1983) 
reports that all Swedish back vowels may be characterised by a distance between F2 
and FI of within the 3-bark critical distance whereas front vowels have values in 
excess of this distance. 
Syrdal & Gopal (1986) report that the F2-Fl measure did not work so well for 
American English vowels as it had for the Swedish vowels and suggest that the 
auditory distance between F3 and F2 is a more reliable means of distinguishing front 
from back vowels. Front vowels are therefore characterised by F3-F2 bark-difference 
values of below 3 bark while back vowels have values which exceed this critical 3 
bark distance. 
In order to be able to distinguish vowels along the dimension of vowel height, Syrdal 
& Gopal expand the critical distance metric to include the auditory distance between 
FI and FO. They claim that vowels may be classified as high or low depending on 
whether the distance between F 1 and FO falls below or above 3 bark: high vowels 
which are characterised by lower F 1 and higher FO values than mid and low vowels 
have F 1-FO bark-difference values within 3 Bark while mid and low vowels have F 1-
FO difference values which exceed this distance. Despite the articulatory and acoustic 
differences between FO and formant frequencies, Syrdal & Gopal argue for inclusion 
of FO in the model on the basis that intrinsic pitch has been shown to vary 
systematically across vowels. Perceptual experiments have also shown FO to 
influence phonetic judgements (Fant, Carlson & Granstrom, 1974; Traunmuller, 
1981). 
Syrdal & Gopal tested their model on the Peterson & Barney (1952) database which 
comprises vowels in /h V di contexts produced in citation-form by a group of seventy 
six male, female and child speakers. They report a significant improvement in vowel 
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recognition across different speakers for bark-difference measures over linear 
frequencies. Evidence from earlier studies (Syrdal & Steele, 1985; Syrdal, 1885) 
indicates that bin~ feature classification is robust across different segmental and 
prosodic contexts despite variability in the bark-difference values themselves. In the 
light of this, Syrdal and Gopal suggest that binary feature specification along the two 
bark-difference dimensions may also serve to normalise rate- and context-dependent 
variability: 
Because of the extreme acoustic variability of speech, robust context- and rate-
independent normalisation may best be achieved through phonetic feature 
classification. In this view, the transformation from acoustic to bark-difference 
values at the specific bark-difference level reduces variability between 
speakers, and the further transformation from bark-difference values to 
phonetic features at the critical bark difference level normalises within-speaker 
variability related to contexts and rate. (Syrdal & Gopal, 1986, p. l 094) 
Additional support for this is provided by Sussman (I 990a) who reports high 
classification accuracy (95. 7%) into front/back categories along the F3-F2 bark-
difference dimension for vowels in /bVt/, /dVt/ and /gVt/ contexts. 
4.2.2 Methodology 
The fundamental and the first three formant frequencies were sampled at the 
durational vowel midpoint. The values were bark-transformed using the formula 
from Syrdal & Gopal (1986) and Fl-FO, F3-F2 and F2-Fl bark-difference measures 
were calculated. Quadratic discriminant analyses were performed for (a) individual 
vowels and (b) front/back and high/low categories. As the majority of /u/ and /u/ 
tokens in the present data are fronted in quality, these vowels are excluded from the 
front/back analysis. The results are compared with mean negative log probability 
scores obtained for corresponding linear spectral distance measures and absolute 
frequency values. 
4.2.3 Results 
4.2.3.1 Individual vowel classification 
Table 4.10 presents the percent correct classification scores for individual vowels 
using Fl-FO, F2-Fl and F3-F2 bark-difference measures. The percent correct 
classification scores are given in place of the mean negative log probability scores in 
order to facilitate comparison of results with Syrdal & Gopal's results which are 
shown in the first column of the table. Classification scores obtained in the present 
study for the Fl-FO and F2-Fl bark-difference dimension are also given. 
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Overall classification accuracy for the present vowel data is poor compared with 
Syrdal & Gopal's results, 46% compared with 82%. However, the discrepancy in 
score is chiefly due to low recognition accuracy in the present data for the lax vowels, 
3 0% including schwa and 48% excluding schwa, compared with 82% for the tense 
vowels. 
4.2.3.2 Front/back classification 
Examination of the individual bark-difference values shows good separation into 
front/back categories along both the F2-Fl and F3-F2 bark-difference dimensions 
using a critical distance measure of3.5 Bark (Chistovich & Lublinskaya, 1979). The 
critical distance of 3 Bark employed by Syrdal & Gopal did not fit the present data. 
The percentage of front vowels which meet the critical distance metric with F2-Fl 
bark-difference values in excess of 3.5 Bark is near 100%. Only fourteen tokens, one 
II/ token and thirteen la/ tokens have values within this distance. Classification of 
back vowels along the F2-Fl bark-difference dimension is less successful, 79% of 
tokens are characterised by bark-differences within 3.5 Bark: 7% of la/ tokens, 18% 
of hi tokens 12% of lnl tokens and 41% of IA! tokens have bark-difference values 
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exceeding this distance. Syrdal & Gopal also report poor classification of I Al along 
this dimension. They were also unable to classify /u/ and /u/ using F2-Fl bark-
difference values. 
65 
The F3-F2 dimension is more successful in characterising back vowels. 98% of back 
vowels have values in excess of 3. 5 Bark. There is, however, a decrease in the 
number of front vowels which meet the critical distance metric along this dimension; 
89% of front vowels have values within 3. 5 Bark. The reduced performance for front 
vowels is largely due to the failure to characterise /a/ (58 /a/ tokens (48%) exceed the 
critical distance). 
The differences between the F2-Fl and F3-F2 measures in characterising front versus 
back vowels are reflected in the entropy scores. These are given in Table 4.11. 
Lower entropy scores are obtained for front vowels using the F3-F2 bark-difference 
values and for back vowels using the F2-Fl values. In terms of overall classification 
accuracy there is little difference between the two dimensions. 
4.2.3.3 High/low classification 
The F 1-FO bark-difference dimension is less successful in characterising vowels than 
the F3-F2 dimension. 92% of high vowels meet the critical distance criterion along 
Fl-FO with values below 3.5 Bark. However, only 60% of mid and low vowel tokens 
have Fl-FO values in excess of 3.5 Bark. Table 4.12 presents the entropy scores for 
classification into high/low categories using Fl-FO, F2-Fl and F3-F2 bark-difference 
and linear spectral distance measures. As this table demonstrates, overall 
classification is poor. This is due chiefly to poor discriminability between vowels 
along FO. Inclusion ofFO serves to lessen distinctiveness along the height dimension 
between vowels. Better classification scores are obtained when bark-transformed F 1 
values are used in place of the Fl-FO bark-difference values. 
4.2.3.4 Comparison with linear spectral distance measures and absolute 
frequencies 
Table 4.14 presents the classification scores across vowels obtained for linear and 
bark spectral distance measures and absolute frequencies. 
Table 4.14: Entropy scores for linear and bark spectral distance measures and absolute 
frequencies. 
lFJ-FO, F2-Fl FJ-FO, F3-F2 Fl, F2-FJ Fl, F3-F2 FJ,F2 Fl, F2, F3 
Linear 1.52 1.72 1.39 1.6 1.39 1.32 
Bark 1.57 1.63 1.39 1.49 1.38 1.32 
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The linear spectral distance measure for Fl-FO, F2-Fl performs better than the Bark 
equivalent. Overall, better scores are obtained for measures which combine F 1 with 
F2-Fl or F3-F2 than for Fl-FO and F2-Fl or F3-F2. Linear Fl, F2-Fl gives the best 
score for the spectral distance measures followed by Bark Fl, F2-Fl. For front/back 
classification, linear distance measures also perform better than the Bark difference 
measures. The best separation between front and back, however, is obtained for 
linear absolute frequencies. 
4.2.3.5 Discussion 
Results for individual bark-difference measures shows that the model fails principally 
on its high/low classification along the Fl-FO dimension. Mid and low vowels are not 
uniformly distinguished by Fl-FO bark-difference values. Although high vowels are 
characterised by Fl-FO values within the critical 3.5 Bark distance, it is Fl which 
serves as the distinctive parameter. Given that Syrdal & Gopal used acoustic data 
derived from the Peterson & Barney (1952) database which comprises isolated /hVd/ 
words, it is not inconceivable that intrinsic pitch differences across vowel categories 
should have functioned distinctively. However, in the present connected speech data 
it appears that any such differences are obscured by the modulations in pitch that 
occur as part of the sentence intonation and due to contextual influences (Silverman, 
1987). 
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Better separation is achieved into front/back categories along either the F3-F2 or 
F2-Fl dimension. However, overall classification accuracy is considerably lower than 
that reported by Syrdal & Gopal. 28% of vowel tokens fail to meet the critical 
distance criterion along F3-F2 in the present data, compared with . 008% of tokens 
reported by Syrdal & Gopal. Furthermore, in the present data, bark-difference 
measures do not perform any better than linear spectral distance measures or absolute 
frequencies in separating front and back vowels. This also contrasts with Syrdal & 
Gopal's findings that bark-difference measures resulted in a significant improvement in 
classification accuracy over linear as well as other non-linear measures. 
The discrepancy in results between the two studies indicates that while bark-
difference measures are successful in normalising variability that arises as a function 
of physiological differences between speakers, they are less successful in normalising 
contextual variability within the speech of a single speaker. Bark-difference measures 
are intended to represent the spatial patterns of excitation in the peripheral auditory 
system (Chiba & Kajiyama, 1941; Potter & Steinberg, 1950). The high classification 
accuracy reported by Syrdal & Gopal supports the hypothesis that these remain stable 
across speakers regardless of differences in absolute formant frequency range (Syrdal, 
1985). However, this appears to be true only for vowels produced in /h-d/ contexts. 
In section 4. 1 it was shown that the temporal relationship between F 1 and F2 varies 
as a function of context as well as the absolute target values. The present results 
which, in contrast to Syrdal & Gopal's study, are based on data for a single speaker, 
suggest that the extent of the variability is such that binary feature classification along 
the bark-difference dimensions is not robust across different phonetic contexts. 
4.3 General Summary 
Alternative one-point representations of the formant trajectory were evaluated in 
terms of (a) overall classification accuracy, (b) vowel bias and ( c) practical 
applicability. Results show a significant variation in classification accuracy as a 
function of method. In absolute terms, Midpoint values provide better classification 
than formant extrema or steady-state values. The Flmax, F2max, Fl/F2max and 
Steady-state methods are also restricted in their practical applicability by contextual 
and durational requirements. There was little evidence of bias in favour of different 
vowels. Although the ranking of methods varied across vowels, this also varied 
across vowel subsets which suggests a context x method interaction. 
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The classificatory performance of Syrdal & Gopal's (1986) bark-difference model of 
vowel recognition was also compared with the performance of linear spectral distance 
measures and absolute frequencies. Although bark-difference dimensions provide 
good front/back classification, they offer no advantage over linear values. High/low 
vowels were not uniformly distinguished along Fl-FO. In view of these results, 
vowels in the present study will be represented by linear FI and F2 frequencies 
sampled at the durational vowel midpoint. 
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Table 4.11: Percent correct classification scores 
for bark-difference measures. Syrdal & Gopal's ( 1986) 
results are given in the first column. 
S&G F 1-FO, F3-F2 Fl-FO, F2-Fl 
i 95% 88% 88% 
a 87% 90% 87% 
3 94% 81% 82% 
Q 89% 73% 82% 
J 80% 89% 89% 
u 77% 47% 70% 
I 84% 39% 48% 
£ 87% 64% 64% 
J * 5% 10% 
A 89% 43% 37% 
D * 78% 54% 
u 77% 51% 51% 
All 86% 46% 50% 
Tense 87% 82% 85% 
Lax 84% 48% 51% 







































































































































































































































































































































Role of Context in Conditioning Vowel Quality 
Introduction 
This chapter examines the nature and relative magnitude of coarticulatory effects on 
schwa compared with the full vowels with reference to the question of whether or not 
schwa can be associated with an independent phonetic target. If schwa is targetless, its 
midpoint value should be entirely predictable from context2. It should make no 
independent contribution to the trajectory between adjacent context segments but is 
expected to be interpolated through. It should, therefore, also allow coarticulatory 
effects between adjacent segments and show comparable amounts of anticipatory and 
carryover coarticulation (see section 2.3 .2.2 for a full discussion). 
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The following analysis is divided into three sections. In the first of these, the linearity of 
schwa mean first and second formant trajectories is evaluated in comparison with mean 
formant trajectories for the full vowels. Mean formant trajectories, obtained by plotting 
the mean onset, midpoint and offset values for vowels as a function of context, provide a 
useful summary of the data and give an immediate visual impression of the extent to 
which schwa can be said to be interpolated through. Vowels are also compared in terms 
of the overall range and the comparative range in formant frequency value they exhibit at 
vowel onset, midpoint and offset. In the second part, the overall degree of context-
dependency shown by schwa and the full vowels and the relative magnitude of different 
2 It is noted that 100% prediction accuracy is unlikely owing to the fact that some random variability is 
inevitable. 
coarticulatory effects is assessed in a series of multiple regression analyses. In the final 
section, a series of one-way and two-way analyses of variance with post hoc Tukey 
multiple comparison of means tests are performed in order to determine the degree of 
differentiation in vowel midpoint values as a function of individual contexts. 
5.1 'Interpolation through': mean formant trajectories and range in formant 
frequency values 
79 
Stylised mean formant trajectories were obtained for each vowel in each context by 
plotting the vowel mean onset, midpoint and offset values as a function of the place of 
articulation of the preceding and following consonants in the case of F2 and as a function 
of both adjacent consonant place and manner of articulation in the case of F 1. 
Measures of the deviation from linearity for each mean trajectory were calculated by 
fitting a regression line to the three data points (i.e. mean onset, midpoint and offset 
value) and summing the squared residuals. The total residual distance, as a measure of 
the goodness of fit of the data points to their associated line regression, provides a 
comparative measure of how far each mean trajectory deviates from the linear 
interpolation between consonants. For easier interpretability, the square root of the 
summed squared residuals is used as the final comparative figure. Coefficient of variance 
values for F 1 and F2 onset, midpoint and offset values were also calculated in order to 
assess overall variability at each time point. The results for F 1 and F2 are considered 
separately, beginning with F2. 
5.1.1 F2 mean trajectories 
In order to determine the systematicity of context effects and the extent of the 
interpolation through schwa, the fa/ mean second formant trajectories were grouped 
according to the place of articulation of either the preceding (C1) or following (C2) 
consonant. Thus, Figure 5. la shows the mean second formant trajectories for C1aC2 
sequences where C l=palatal irrespective of C2 place of articulation. Conversely, in 
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Figure 5. lb, C2=palatal irrespective of Cl place of articulation. Similarly, Figure 5.2a:b 
shows/;)/ mean trajectories in the context of a preceding or following velar. 
In the key for each graph, place categories are abbreviated as follows: palatal and palato-
alveolar (Pal), velar (Vel), alveolar (Alv), dental (Den), labio-dental (Labd), labial (Lab), 
apical (Api) and labio-velar (Labv). The place categories include all manner classes (e.g. 
'Lab' includes both the bilabial oral and nasal stops) and both voiced and voiceless 
consonants. With the exception of Ill and /r/, which are classified as apical, consonants 
are distinguished solely in terms of their place of articulation. The consonants /1/ and /r/ 
are distinguished from the other alveolars because they involve special articulations (i.e. 
lateral and retroflex respectively). The affricates JU/ and !dbl are included in the palatal 
category when they occur preceding vowels (since it is the palatal part that is 
immediately adjacent to the vowel) and in the alveolar category when they occur 
following vowels (since the alveolar part is immediately adjacent to the vowel) although, 
in effect, both parts are likely to show a palato-alveolar place of articulation. C 1 and C2 
contexts represent the immediately adjacent consonants either preceding or following the 
vowel irrespective of syllable- or word-boundaries. Thus the palatal and labio-velar 
glides /j/ and /w I are included in the C2 contexts despite the fact that, in English, these 
consonants only occur in pre-vocalic position. Similarly, the velar nasal /rj which only 
occurs post-vocalically, is included in the C1 contexts. In each of these cases, /j, w/ or 
/rj represent C2 or C1 consonants in V*C2V or VC1*V sequences where* denotes a 
syllable- or word-boundary. 
Comparison of the two groupings within each figure reveals a tighter clustering of offset 
compared with onset values (see section 7.6.2 for discussion). However, both groupings 
convey similar information with respect to the linearity of the trajectories. Thus, for the 
remaining contexts, only the schwa mean trajectories plotted as a function of C 1 place of 
articulation are shown (see Figure 5.3). (The corresponding trajectories plotted as a 
function of C2 place of articulation are provided for reference in Appendix A.). The 
mean values and deviation measures are shown in Table 5 .1. The corresponding values 
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for the full vowels are given in Table A.1.a:k, Appendix A. Where there are no examples 
of a given vowel-context combination, this is indicated by a series of asterisks. 
In the case of the full vowels, the mean second formant trajectories were divided into two 
broad categories according to whether they show a high or a low degree of deviation 
from linearity. For this purpose, a benchmark of 7 5 Hz was selected. Given the 
assumption that shifts in F2 below the order of 7 5 Hz are not perceptible (Flanagan, 
1955), it is reasonable to expect deviation values of upwards of 75 Hz for targeted 
vowels, at least in those contexts which require a warping of the trajectory to produce a 
vowel percept
3
. In contexts where the vowel target lies intermediate on the consonant-
to-consonant trajectory, low deviation values are expected. For example, interpolation 
through Iii is expected in the context of segments which share the specification [+front] 
and are consequently also characterised by high F2 values (e.g. palatals and alveolars). 
Conversely, interpolation through hi is expected between segments also characterised by 
low F2 values (e.g. labials, velarised /ti and labio-velar /w/). 
Degree of deviation from linearity is expected to increase with an increase in the 'acoustic 
distance' between the vowel target and consonant locus value (Stevens & House, 1963). 
Thus, formant trajectories for Iii should show most deviation from linearity in the context 
of a preceding or following /w I while the trajectories for hi are likely to show most 
deviation in the context of an adjacent palatal or alveolar. This pattern is evident in the 
present data and is illustrated in Figures 5. 4 and 5. 5 which show mean formant 
trajectories for Iii and hi respectively. (See Table A 1.a and 1.i, Appendix A, for the 
corresponding mean values and deviation measures.) 
A higher percentage of low deviation values is predicted for schwa than for the full 
vowels on account of the fact that there are a greater number of contexts which involve 
the tongue trajectory passing through the central area than through the more peripheral 
3 This represents a generous estimate given that significantly larger difference limens have been reported 
for vowels in context (Mermelstein, 1978). 
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regions in the vowel space. However, low deviation values are also obtained for schwa 
mean trajectories in contexts where a significant warping of the trajectory would be 
expected if schwa were targeted. These are the contexts which yield low deviation 
values for the peripheral vowels and which are symmetrical with respect to the high/low 
F2 locus classification (i.e. where both the preceding and following consonants are 
characterised by either a high or by a low F2 frequency value). As Figure 5.6 
demonstrates, in the present data, there is no warping towards a more central value in 
these contexts, rather, in each case, there is a straight-line interpolation from onset to 
offset through the schwa midpoint. 
There are only four contexts (7% of the total) in which the schwa mean trajectory is 
characterised by a deviation value> 75 Hz. These are shown in Figure 5.7. In three of 
these: Lab-Pal, Vel-Lab and Pal-Labv, the mean midpoint value approaches the overall 
mean (and ostensible target) value for schwa of 144 7 Hz. In the remaining context: Api-
Labv, the mean midpoint value is considerably lower than the overall mean. 
For comparison, the mean second formant trajectories for 13/ and /a/ are presented in 
Figures 5.8:5.9. Both vowels display a relatively high percentage of low deviation values 
compared with the other full vowels on account of their more central articulation. As 
Figure 5.8b shows, /3/ patterns with schwa insofar as lower deviation values are generally 
obtained in contexts which are asymmetrical with respect to the high/low locus 
classification although it is also interpolated through in the Alv-Labd, Den-Alv and Labd-
Den contexts which are characterised by similar F2 values to its target value (defined 
here as its overall mean of 1379 Hz). However, in contrast to schwa, a clear warping of 
the trajectory is evident in symmetrical high and low locus contexts (see Figure 5.8a). 
Similarly, in the case of the low, front vowel /a/ it is possible to identify a relatively stable 
target area which the majority of mean trajectories either pass through or move towards 
(see Figure 5. 11 a). With the exception of one example of extreme overshoot in the Ve I-
V el context (1671 Hz compared with an overall mean of 1492 Hz) and three examples of 
undershoot in the context of a following dark /ti (mean 1346 Hz), /a/ also displays a 
relatively tight clustering of mean midpoint values. 
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The mid-high, lax vowels III and /o/ both display a comparable range in F2 mean 
midpoint value to schwa. This is illustrated in Figure 5 .10 which shows the total number 
of mean trajectories for each vowel. In contrast to schwa, a relatively high percentage of 
the F2 mean formant trajectories for III show high deviation from linearity. However, 
there are only six examples which show a clear warping at the midpoint which may be 
construed as movement toward a target value. These are shown in Figure 5. 11 a. For the 
majority of the remaining cases, the mean midpoint value is similar (within 20 Hz) to the 
mean onset or mean offset value. The high deviation value, in these instances, results 
from either a steep offglide or onglide. For example, in the Vel-Vel, Pal-Vel and Vel-Alv 
contexts, F2 starts high, remains high at the midpoint and then falls sharply to the value 
at offset. In the Lab-Labd context, F2 starts low, remains low at the midpoint and then 
rises steeply to the value at offset. The mean trajectories in Figure 5. 11 c show a similar 
pattern except that, in these cases, the difference in mean onset/offset and mean midpoint 
value is greater (between 45 Hz and 87 Hz except for Pal-Api at 166 Hz). The same 
situation holds for lo/ (see Figure 5.12). There is no narrowing in the range of mean 
midpoint value for either vowel across the high deviation contexts. 
Coefficient of variance values calculated for each vowel across all tokens and shown in 
Table 5.2 and Figure 5.13, confirm higher levels of variability in F2 midpoint value for 
schwa /u/ and /r/ than for all the other vowels with the exception of /u/. More 
' 
importantly, as Figure 5. 13 a demonstrates, also excepting /u/, schwa, /o/ and /r/ show 
considerably less difference in amount of variability at the midpoint compared with at the 
onset and offset than the other vowels. 
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5.1.2 Ft mean trajectories 
The F 1 mean onset, midpoint and offset values and measures of deviation from linearity 
for schwa are presented in Table 5.3. Mean values and deviation measures for the full 
vowels are given in Table A 2.a:k, Appendix A In the graphs pertaining to this section, 
place categories are abbreviated as before and manner categories as follows: 'st' (stop), 
'n' (nasal), 'fr' (fricative) and 'gli' (glide). Manner is only specified where, for a given 
place of articulation, there is a manner contrast. Thus, the liquids and the labio-velar 
glide /w I continue to be represented solely by their place category labels of 'Api' and 
'Labv' respectively. 
In the literature, lower overall variability and smaller and less systematic coarticulatory 
effects are reported for Fl than for F2 (Stevens & House, 1963; Koopmans van Beinum, 
1994; Van Bergem, 1994). Less variation in Fl trajectory shape is also noted (Stevens, 
House & Paul, 1966, Di Benedetto, 1989). Stevens, House & Paul claim that since the 
F 1 target values for vowels are typically higher than consonantal F 1 locus values, the F 1 
trajectory in a eve syllable is likely to be characterised by a maximum value towards the 
center and lower values at the CV boundaries irrespective of consonantal context. 
Contrary to this prediction, the first formant trajectories for vowels in the present data do 
not have the same form across all contexts or across all instances of a given context, 
owing to considerable variation in onset and offset frequencies (see also section 4.1.3.1). 
However, despite this variability, expected differences between vowels with respect to 
overall Fl excursion size do pertain. For example, as Figure 5.14 demonstrates, the 
majority of mean Fl trajectories for the low, front vowel /a/ and the low back vowels /a/ 
and I Al show high deviation from linearity, where this is defined as being > 50 Hz, the 
difference limen for Fl as reported by Flanagan (1955). In contrast, the majority of 
mean trajectories for the high, front vowel /ii are characterised by deviation values < 50 
Hz. These are shown in Figure 5.15a. 
85 
Although characterised by lower absolute F 1 midpoint values, the mid-low vowels IEI, lnl 
and hi pattern with the low vowels, displaying a higher proportion of high compared 
with low deviation values (see Figure 5.16). In contrast, schwa, also classified 
phonologically as a mid vowel, displays a higher proportion oflow compared with high 
deviation values as illustrated in Figure 5. 17. The high deviation mean trajectories are 
also plotted separately according to trajectory shape in Figure 5. 18. As shown here, in 
the majority of cases, deviation values > 50 Hz are accounted for by either a steep 
onglide or offglide to or from a higher or lower value at onset or offset. There are only 
nine contexts where the mean Fl trajectory is characterised by a maximum value at the 
midpoint which might be interpreted as movement toward a vowel target. However, in 
each case, the preceding consonant is either Im/ or In!. The large excursion at the 
midpoint of the trajectory in these cases, therefore, most likely reflects measurement 
errors introduced by the presence of nasal resonances and anti-resonances in the vowel 
spectrum rather than increased jaw opening in this context. There are three contexts, 
where the trajectory is characterised by a minimum value at the midpoint. The mean 
midpoint value of 449 Hz for these tokens is slightly lower than the overall mean. 
The relatively high proportion of linear mean Fl trajectories and the wide range in Fl 
mean midpoint value evident for schwa, is further exemplified in a comparison of the 
schwa data with the data for the long, central vowel hi (see Figure 5.20). In contrast to 
schwa, a relatively high number of the hi mean trajectories show clear warping at the 
midpoint indicating movement towards a vowel target. With the exception of two 
examples of undershoot in the Alv.fr-Alv.fr and in the Alv.n-Labd contexts (449 Hz and 
491 Hz respectively compared with an overall mean of 552 Hz) and one example of 
overshoot in the Lab.st-Api context (620 Hz), /3/ also displays a comparatively narrow 
range in mean midpoint value across both high and low deviation trajectories (see also 
Figures 5.21 and 5:23). 
In section 5. 1. 1 the mean F2 trajectories for the mid-high, lax vowels Ir.I and lul were 
shown to display little deviation from linearity in the majority of contexts and to cover a 
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comparable range in F2 to the range in F2 for schwa, suggesting that, along this formant 
dimension, these vowels are also interpolated through. In order to establish whether the 
same observation applies in the case of Fl, the total number of mean Fl trajectories for 
/II and /o/ are plotted alongside the total number of schwa trajectories for comparison in 
Figure 5.25. The mean trajectories for III and /o/ are also shown separately in Figures 
5.26:5.27. In each of these figures, the trajectories are grouped according to whether 
they are characterised by high or low deviation values (i.e. greater or less than 50 Hz). 
Comparatively little deviation from linearity is expected for III and /o/ by virtue of their 
'mid-high' classification. However, given the wide variability in onset and offset value, 
certain conditions should give rise to instances of displacement at the midpoint. For 
example, assuming that /II is characterised by a target in the region of 360 Hz (Wells, 
1962), a warping in the trajectory towards this value should be evident on those 
occasions where F 1 has a higher frequency value at the vowel onset and offset than the 
putative target frequency. While there are clear examples of this in the case of /i/ (see 
Figure 5 .15b ), there are only two instances where this occurs for III. The reverse 
situation, where the trajectory is characterised by a maximum value at the midpoint, 
applies in twelve contexts. As in the case of schwa, these are predominantly nasal 
contexts involving a preceding /ml or Inf and, therefore, most likely reflect measurement 
errors. With the exception of three examples where the mean trajectory is characterised 
by either a steep on- or off-glide, the remaining mean trajectories (as expected) show 
little deviation from linearity (see Figure 5.28.). 
Overall, /II displays a similar range in Fl mean midpoint value to that displayed by fa/ 
(295 Hz compared with 310 Hz). However, the range for /o/ is much narrower by 
comparison ( 15 3 Hz). As in the case of F2, the coefficient of variance values for F 1 (see 
Table 5.2) confirm the high variability displayed by/~/ and /II compared with the other 
vowels and the comparatively little difference in overall range of value between onset, 
midpoint and offset values (see also Figure 5.13b ). 
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5.1.3 Summary 
In terms of the linearity of mean formant trajectories and the comparable spread in mean 
onset, midpoint and offset value, the data support the theory that schwa is phonetically 
transparent along F2 and Fl. The present data also indicates a high degree of 
underspecification along both formant dimensions for /rl and along F2 for /u/. In the 
following sections it will be shown that these vowels also display a relatively high degree 
of overall context dependency compared with the other full vowels and in the case of /rl 
' ' 
a similar patterning to schwa with respect to the systematicity and directionality of 
effects. 
5.2 Multiple Regression Analysis 
5.2.1 Introduction 
Multiple regression/correlation analysis is a highly versatile data-analysis system that is 
particularly suitable for observational (non-experimental) research in which the parameter 
of interest is likely to be influenced by a multiplicity of inter-correlated factors (see 
Cohen & Cohen, 1983). In addition to providing a measure of the total variance in the 
dependent variable that is accounted for jointly by a set of predictor variables, it also 
permits a partitioning of the variance according to the unique contribution made by each 
predictor variable, relative to what is accounted for by the other predictors. 
Multiple regression analysis is used here to evaluate the overall degree of context 
dependency shown by different vowels and the relative strength of carryover compared 
with anticipatory and of vocalic compared with consonantal coarticulatory effects. 
Vowel duration and the potential interaction of duration and context effects are also 
considered. It is assumed that degree of context-dependency is directly proportional to 
the amount of variance in midpoint values that is explained jointly by the predictor 
variables. The statistical package used was BMDP IR. This fits the regression model: 
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y = a+ ~txt + ~1Xi + .. · ~PxP + E, where Y is the dependent variable, x
1
, ..• , ""are the 
independent variables, ~t' · · ., ~Pare the regression coefficients, a. is the intercept, Pis the 
number of independent variables, and E is the error. The null hypothesis predicts that 
when all the independent variables save one are held constant, the variable under 
investigation accounts for no y variance in the population. 
Two series of analyses were performed. In the first, tokens within each vowel category 
are sub-categorised according to the particular sequence of consonants and vowels in 
which they occur, i.e. whether they occur in a VC-CV, CV-CV or VC-VC sequence. 
Each subset is considered separately. The independent or predictor variables include ( 1) 
preceding consonant (C 1), (2) preceding vowel (Vl), (3) following consonant (C2), ( 4) 
following vowel (V2), (5) schwa duration, (6) duration of VI, and (7) duration ofV2. In 
the second series, tokens within each vowel category are pooled across all contexts. The 
predictor variables are simply (1) preceding context, (2) following context and (3) 
duration. For both series, the dependent variable is Fl or F2 sampled at the temporal 
midpoint of the target vowel. Consonants are characterised by frequency values 
averaged across the initial or final 10 ms of the adjacent vowel. Context vowels are 
characterised by their midpoint values. For the CV-CC and CV-CV sets, an additional 
analysis was performed using V 1 offset values to characterise VI. This was to permit 
comparison of relative consonant versus vocalic influence in this temporal position. 
5.2.2 Separate set analyses 
The results for schwa are considered first. These are presented in Tables 5.4:5. Multiple 
R square (R2) represents the proportion of the total variance in the dependent variable 
that is accounted for jointly by the predictor variables. The standardised partial 
regression coefficients(~ values) indicate the relative weighting of the unique 
contributions of individual predictors. Following standard convention, squared 
correlation coefficients are rounded to four places and the standardised regression 
coefficients to two places (Cohen & Cohen, 1983). Because, in every case, the overall 
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R2 value was significant at P < . 01, significance levels are only shown for the individual J3 
values. A double asterisk(**) denotes significance at p < .01 and a single asterisk(*), 
significance at p < .05. 
5.2.2. l Total variance explained 
The proportion of total variance in F2 explained jointly by the full set of predictor 
variables ranges between 69% and 94%. The highest percentage of explained variance is 
obtained in the CC:)CV subset. The two worst performances occur for tokens in the 
CV JCC and CV JCV sets where V1 is characterised by values sampled at the vi 
midpoint. The performance of V1 as a predictor variable in these sets improves 
considerably if V 
1 
is characterised by its frequency value at vowel offset. 
The relatively poor performance ofV1 midpoint values (Vlmid) compared with the vi 
offset values (Vloft) is attributable to the high correlation between CI and Vlmid. CI is 
not correlated with schwa but it is highly correlated with Vlmid (.854 for the CVJCV set 
and .806 for the CVJCC set). This adds irrelevant variance to Vlmid and thereby 
weakens its relationship with schwa. When CI is partialled from Vlmid, the unique 
variance of Vlmid in schwa is greater than the proportion it accounts for when it is 
considered alone. For example, in the CV JCV set, the simple univariate correlation 
between Vlmid and schwa is .517 with an r2 of .2673 (p < .01). When Cl and Vlmid are 
analysed together there is a marginal increase in the total amount of variance explained, 
R2 = .2820, but a substantial increase in the standardised regression coefficient for 
Vlmid, .72 (p < .01). This compares with -.23 for Cl which fails to meet the .05 
significance criterion. Cl also acts to suppress Vloffbut to a much lesser extent. The 
univariate correlation for Vloff in the same set is .872, r2=.7617. With C1 also 
considered in the equation R2=.7738 with J3 values of .13 (p =.09) and .94 (p < .01) for 
Cl and Vloff respectively. Cl and Vlmid are also highly correlated for Fl, r=.766 and 
r=.769 for the CVJCC and CVJCV sets respectively. Again, an increase in the 
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standardised regression coefficient for V1mid when C1 is partialled out indicates that the 
effect of V1 is being suppressed by C1. Henceforth, results will only be considered for 
Vloff referred to as v1. 
The proportion of explained F 1 variance is generally less than the proportion of explained 
F2 variance, ranging between 63%-88% (mean 75%). The range for F2, excluding the 
CVJCV and CVJCC sets where V1 is characterised by v1 midpoint values, is 87%-94% 
(mean 91%). 
5.2.2.2 Range and directionality of effects 
Vowel-to-vowel effects across an intervening consonant and similarly, consonant-to-
vowel effects across an intervening vowel, are negligible for both F2 and F 1. In the case 
ofF2, there is a small effect ofV1 for tokens in the VCJCV set which is significant at the 
p < 0.1 level. However, with an increment in R2 ofless than 1 %, the unique contribution 
ofVl is minimal compared with the unique contributions made by Cl and c2. There is 
no effect of V2. If considered alone, Vl appears to make a small contribution to the 
schwa variance in the VCJCC set (r=.199, p < .01), however, this is due entirely to its 
relationship with C1 (r=.311, p < .01) and through Cl, its indirect relationship with c2. 
When Cl and c2 are partialled out, the resultant p values indicate that v1 has no direct 
effect on schwa, R=.948, .02, p = .35 (Vl), .48, p < .01 (Cl) and .58, p < .01 (C2). In 
the CCJCV set there is a small effect ofV2 which is just significant at p=.04. Addition of 
Cl to the equation produces a small but significant increment in R2 in the CV~CC and 
CVJCV sets (.0084 and .0156 respectively) but again, this is minimal compared with the 
amount of variance uniquely accounted for by each of the immediately adjacent segments. 
In the case of Fl, Vl has a significant direct effect in the VCJCC set as does V2 in the 
CCJCV set and both v1 and v2 contribute to the variance for tokens in the VCJCV set. 
In each case however the increment in R2 is less than 1%. There is no direct effect of 
' ' 
C 1 or v2 in the CV JCV set and likewise no significant contribution from C 1 in the 
CVJCC set. 
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In all sets and for both F 1 and F2, the immediately adjacent context segments each have a 
significant direct effect on schwa and together account for the major part of the variance. 
For F2, in two sets (CCdCV, VCdCV), the effects of preceding and following consonant 
are comparable. In one set only (VC~CC), the following consonant exerts a stronger 
influence than the preceding consonant. Otherwise, preceding context accounts for a 
relatively higher proportion of the variance than following context. For Fl there are two 
cases (CCdCC, CV dCC) in which the effects of preceding and following context are 
comparable. The remaining four sets display greater carryover than anticipatory 
coarticulation. 
The greatest difference in the relative strength of carryover compared with anticipatory 
effects occurs in the two sets where the immediately preceding context is vocalic. This 
may be attributable to the fact that a relatively high proportion of the preceding vocalic 
context segments are Iii tokens. These sets also include a small number of hi tokens. In 
representing the upper and lower extremes of the F2 range, Iii and hi are likely to cause 
the greatest shifts in schwa F2 midpoint value. The extent of the shift is illustrated in 
Figure 5.29 which shows the second formant trajectories for schwa tokens in these 
contexts. The results of a one-way analysis of variance confirm a significant main effect 
of preceding vowel identity on schwa midpoint values (F(3, 161) = 41.21, p < .0001). 
Post hoc Tukey multiple comparison of means tests (see section 5.3) reveal significantly 
higher values for schwas following front vowels than following back vowels, central 
vowels or lu/ (p < .001). 
5.2.2.3 Duration 
For F2, there are only two cases, CCdCC and VCdCC, where addition of schwa duration 
to the equation results in a significant increase in R2 (.01 % and 2% respectively). In all 
other cases schwa duration makes no contribution to the prediction. With the exception 
ofVCdCC, schwa duration has a significant effect on Fl in all sets. However, in each 
case the amount of variance it accounts for is smaller than that ·accounted for by either 
the immediately preceding or following context. 
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yl and V2 duration have no influence on the prediction for F2. There is a small effect of 
yl duration in the VCJCC set for Fl (an increment in R2of3%). There is also a small 
effect of V 1 duration and V2 duration in the VCJCV set. However these do not add 
significantly to the overall R 2 value. 
5.2.2.4 Full vowels 
As in the case of schwa, the results for the full vowel subsets also showed relatively little 
coarticulatory effect from the next adjacent context compared with the immediately 
adjacent context. In view of this and in view also of the small number of tokens within 
some of the subsets, the analysis was repeated using data pooled across vocalic and 
consonantal contexts. 
5.2.3 Pooled sets analysis 
For the pooled data sets, tokens adjacent to silence or to the glottal fricative /hi were 
excluded from the analysis. This was to ensure that differences in the degree of context-
dependency between vowels were not the result of differences in the proportion of 
context compared with non-context segments. In addition to silence, /hi is considered to 
be a non-context segment since it has a minimal coarticulatory effect on adjacent 
segments (Peterson & Barney, 1952; Stevens & House, 1963). The data was also 
screened for outliers using diagnostic statistics in the BMDP 2r regression package. The 
formant trajectories for all outliers identified as exerting undue force on the regression 
(using the modified Cook's distance statistic) were examined. In the majority of cases, 
the outliers represented what were considered to be legitimate, if extreme, context 
effects. There was a small percentage of formant tracking errors (less than I% in the 
case of all vowels except /a/ and /a/ which showed 1.5% errors for F2 and 2% errors for 
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Fl respectively). These tokens were excluded from the subsequent analyses. Results are 
presented in Tables 5.6:7. All R
2
values are significant at p < .01. With few exceptions, 
Beta values are significant at p < . 01. Values which do not attain significance at p < . O 1 
but are significant at P < .05 are marked with an asterisk(*). Those values which fail to 
reach significance at p < . 05 are emboldened. 
The increment in R 
2 
value with the addition of each predictor variable to the equation 
was also calculated using the BMDP 2r package. This represents the proportion of 
variance uniquely accounted for by each variable over and above the contribution made 
by the other variables already in the equation. The predictor variables were entered in the 
prespecified sequence: preceding context, following context, duration, according to their 
presumed order of causal priority. This was determined partly by the results of the initial 
regression analyses which, in general, show a larger effect of context than duration and a 
larger effect of preceding compared with following context, and partly on the basis of the 
results of the Tukey multiple comparison of means tests which also indicate generally 
greater carryover than anticipatory effects (see section 5.3.1). 
5.2.3.1 Proportion of explained variance 
Schwa displays the highest levels of context-dependency as indicated by the proportion 
of explained Fl and F2 variance. The mid-high, lax vowels lul and III also display a 
relatively high degree of context-dependency along F2 and, in the case of III, a relatively 
high degree of context-dependency along Fl also. The total proportion of explained F2 
variance for lul is comparable to that for schwa. The lower R2 value for III largely 
reflects the influence of a specific context. The results of the data screening showed that 
a high percentage of the outliers identified as exerting an undue force on the regression 
for III occur in the context of a following velar nasal. Observed values for III in these 
contexts were always higher than the predicted values. Of the six formant tracking errors 
identified for III F2 trajectories, three occurred for tokens in this context. 
In view of the potential for measurement errors in nasal contexts, a further regression 
analysis was performed. The analysis was repeated for each vowel and in each case the 
most extreme outliers identified by the modified Cook's distance were excluded. The 
results are shown in Table 5.8:9. Predictably, exclusion of the outliers results in an 
overall increase in R
2 
value. However, the increase is most marked in the case of /II. 
94 
Since the number and nature of outliers varies considerably across vowels and since these 
were also considered to represent examples of legitimate if extreme contextual variation, 
the results of the initial analysis will form the basis of future discussion in the case of all 
vowels with the exception of III. The results of the second analysis will be used in the 
case of III on account of the potential for measurement error afforded by the high 
proportion of following velar nasal contexts. 
The R2 value obtained for each vowel before duration is added to the equation is shown 
in Table 5.10. It is also illustrated graphically in Figure 5.48 (see section 5.4.2). 
Table 5 .1 O: The R 2 value obtained for each vowel before duration is added to the equation. 
d I 0 u £ 3 A a i D J Q 
F2 .9253 .8841 .8797 .7564 .6672 .6164 .5495 .3574 .3358 .2661 .1914 .0679 
Fl .7103 .7115 .2967 .4337 .2876 .1917 .2057 .1198 .3638 .2348 .0646 .0848 
Following schwa and the mid-high, lax vowels III and /o/, the tense vowel /u/ and the 
mid-low, lax, front vowel 1£1, the long, central vowel /3/ and the mid-low, lax, back 
vowel I Al, in descending order, show the highest level of F2 context dependency. 
Among the remaining vowels, the back vowels /al,/)/ and /o/ show the least context-
dependency along F2 followed, in ascending order, by the tense, front vowel /ii and the 
long, lax vowel /a/. 
The ranking of vowels from least to most context-dependent along Fl is similar insofar 
as the long vowels /a/, /JI and /a/ show the least context-dependency while schwa and III 
together with /u/ show the highest context-dependency. The mid-high, lax vowel /o/, 
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however, shows relatively low context-dependency along F 1 while the tense, front vowel 
Iii occupies a relatively low position in the ranking of vowels from least to most context-
dependent. With the exception of Iii, all the vowels show lower context-dependency 
along Fl than along F2. 
The extremely high correlation between vowel F2 midpoint values and context for /'JI, III 
and lol is illustrated graphically in Figures 5.30:32. For comparison, Figures 5.33:34 
show the scatterplots for Iii and /JI, two of the more stable vowels. The differences in 
degree of context-dependency across vowels is considered in more detail in section 5.4.2. 
5.2.3.2 Directionality of effects 
Overall, the results indicate stronger carryover than anticipatory coarticulation. 
Following context makes the largest contribution to the F2 prediction for Ir.I. For all 
other vowels, preceding context accounts for more of the F2 variance than following 
context although the difference is marginal in the case of la/, lol and schwa. In the case 
of Fl, there is a stronger anticipatory than carryover effect for 131, Ir.I, lul and lo/. All 
other vowels, including schwa, show a stronger carryover effect. For /JI, there appears 
to be no anticipatory coarticulation along either Fl or F2. Similarly, following context 
has no unique F2 variance in la/ and accounts for only a small proportion of the F2 
variance in lnl. 
In order to assess the interaction of context effects through a medial vowel, the 
correlation between preceding and following context was also calculated. This is 
represented graphically in Figure 5.35. Only those values which are significant at p < .05 
are shown. 
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Schwa, /o/ and II/ show the greatest correlation between preceding and following 
context, indicating a moderately strong interaction of context effects through the medial 
vowel. There is no interaction of effects for the back vowels I A, o, -:J/ along either Fl or 
F2. In general, there is less interaction of effects for Fl than for F2. 
5.2.3.3 Duration 
As the Beta values given in Table 5. 6 demonstrate, duration makes little or no 
contribution to the F2 prediction in the case of /J, a, 3, u/ and a relatively small 
contribution to the prediction for II,£, o, Al. However, in the case of /i, a, "J, o/ it 
accounts for a higher proportion ofF2 variance than following context. For Fl, duration 
uniquely accounts for the highest proportion of variance in the case of /a, 3, Al and for a 
higher proportion of Fl variance than following context in the case of /al. It also makes 
a greater contribution to the Fl prediction than preceding context in the case of/£/. 
The proportion of variance in midpoint value for each vowel that is uniquely accounted 
for by duration is shown in Table 5. 11. 
Table 5.11: Increment in R2 value with the addition of duration to the regression equation for each 
vowel. 
i I £ a ~ 3 Q A D J u u 
F2 19% 2% 3% 1% 0 0 5% 3% 18% 19% 2% 0 
Fl 3% 0 13% 24% 3% 19% 5% 23% 10% 0 5% 2% 
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As this table demonstrates, duration accounts for a higher proportion of the variance in 
F2 midpoint value in the case /i/, /J/ and /n/ which represent the extreme upper and lower 
limits in F2 value, than in the case of the more central vowels. It also accounts for a 
higher proportion of the variance in Fl midpoint value for the low and mid-low vowels 
/a/, hi, I Al and /n/ than for the other vowels. 
5.3 Degree of differentiation in vowel midpoint value: analyses of variance 
In order to assess the degree of differentiation in vowel midpoint value as a function of 
preceding (C 1) or following (C2) consonantal place of articulation, a series of one-way 
analyses of variance were performed. (Variation in midpoint value as a function of 
adjacent vocalic context was not considered in the analyses of variance owing to the 
relatively small number of vowel tokens occurring immediately adjacent to another 
vowel.) Pairwise differences were assessed using the post hoc Tukey multiple 
comparison of means test. Because of the high number of simultaneous tests, 
significance levels for this were Bonferonni adjusted. In many cases, where unequal 
variances obtained between cells, as indicated by Levene's test for equal variability (see 
BMDP, p. 192), the Brown-Forsythe separate variance procedure was used in place of 
the standard pooled analysis of variance. Although this test involves a loss of degrees of 
freedom, it is more robust against unequal group variances. Separate variance t-tests 
were also used where appropriate in the pairwise multiple comparisons. Unequal sample 
size between cells are controlled for automatically in the B:MDP 7D package using the 
Tukey-Cramer adjustment. 
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Two-way analyses of variance were also performed to ensure that potential differences in 
results between vowels are not due to differences in the extent to which C 1 and c2 place 
effects or C1/C2 place and manner effects interact. Due to the limited number of tokens 
occurring within some C1and C~ combined contexts, for the ClxC2 place analysis, the 
eight place categories were collapsed into three levels: High, Mid and Low. 
Classification as 'High', 'Mid' or 'Low' was performed on the basis of the relative 
frequency value ofF2 at vowel onset and offset as a function of Cland c2 place of 
articulation. Figures 5.36:39 shows the relative ranking of place categories on the 
frequency scale at onset and offset for each vowel. In general, palatals and alveolars are 
characterised by relatively high onset/offset values compared with labials, apicals and 
labio-velar /w/. Velars are characterised by relatively high values for all vowels except 
the rounded vowels /n/, hi, /u/ and /u/ where they are characterised by relatively low 
values, particularly at vowel offset. The relative ranking of dentals and labio-dentals also 
varies as a function of temporal position. At vowel onset, dentals are generally 
characterised by higher F2 values than labio-dentals. At vowel offset, there is less 
difference in frequency value between the two place categories in the case of/~/, Iii, /al 
and /n/ owing to relatively higher offset values for labio-dentals. Lower absolute values 
and a relatively lower ranking of apicals at offset than at onset largely reflects the 
allophonic variation between 'clear' /1/ which occurs in pre-vocalic position, and 'dark' 
or velarised /ti, which occurs post-vocalically. 
The place x manner two-way analysis of variance was performed for labials and alveolars 
by including labio-dentals as labial fricatives. The same measurement and classification 
procedures were used for both Fl and F2. 
5.3.1 F2 
The results for F2 are considered first. These are presented in Tables 5.12:5.17. Table 
5. 12 gives the results of the one-way analysis of variance while Table 5.13:14 shows the 
number of pairwise differences that were significant (p < . 05) for each vowel in the 
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Tukey multiple comparison of means test. A significant difference is indicated by the 
presence of the appropriate vowel symbol within a given cell. Thus, for example, a 
significant difference in F2 for tokens in C l=palatal compared with C l=velar contexts 
obtains for l'JI, Iii, III and 1£1. ~he vowel mean midpoint values for each C11C2 place of 
articulation are also plotted in Figures 5.40:5.43. Results for the two-way analyses of 
variance are given in Tables 5. 15: 17. 
As expected, schwa displays the highest proportion of significant pairwise differences 
between place categories at both the carryover and anticipatory level. For midpoint 
values grouped according to C 1 place of articulation, most of the overlap which occurs is 
between place categories characterised by low F2 values. There is no significant place 
effect for labio-dentals compared with labials and labio-velar lwl, for labials compared 
with apicals and lw I or for apicals compared with lw I. Overlap also occurs between 
schwa tokens in preceding velar, alveolar and dental contexts. However, F2 is 
significantly higher for schwa tokens in the context of a preceding palatal, velar, alveolar 
or dental than all other contexts (p < .001). Values are also significantly lower following 
lwl than following 11, rl (p < .05). Schwa midpoint values grouped according to c2 
place of articulation show greater overall separability. The only overlap which occurs is 
between tokens in following dental and labio-dental contexts. All other pairwise 
differences are significant at p < . 001. 
The high degree of separability in l'JI midpoint value as a function of C 1 and C2 place of 
articulation is particularly noteworthy given the interaction of context effects for l'JI and 
the asymmetry of the majority of combined C 1 and c2 contexts. As Figures 5 .1: 5. 5 
demonstrate, the ranking of mean midpoint values for each C 1 place category is, to a 
large extent, conditioned by the place of articulation of the following consonant such 
that, for example, in Figure 5.2a, midpoint values decrease in the following order Vel-Pal 
> Vel-Alv > Vel-Labd > Vel-Lab > Vel-Api. The C2 influence at the l'JI midpoint and 
onset is most evident in the case of preceding velar, dental and labio-dental contexts. It 
is least evident in the case of preceding labial and apical contexts. The ranking of mean 
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midpoint values within each C2 place category is similarly influenced by the place of 
articulation of the preceding context (see Figure A 2, Appendix A). The interaction of 
Cl and C
2 
place effects at the schwa midpoint is confirmed statistically in the two-way 
analysis of variance. 
The F2 midpoint values for /r/ show a lesser degree of separability as a function of 
preceding consonantal place of articulation than schwa midpoint values, with overlap 
occurring between tokens following palatals, alveolars, dentals, labials and labio-dentals. 
However, tokens following velars, apicals and /w/ are clearly differentiated from tokens 
in all other contexts, attaining maximum values in the velar context and minimum values 
in the apical and labio-velar contexts (see Table Al .b, Appendix A for the mean values). 
As in the case of schwa, greater overall separability in /r/ midpoint values occurs as a 
function of C2 place of articulation. Overlap occurs between tokens preceding alveolars, 
labials and labio-dentals, between tokens in dental and apical contexts and between 
palatals and labio-velars. Overlap between palatals and labio-velars reflects the small 
number (five) and extremely high variability of tokens preceding /w/. With these 
exceptions, the differences in midpoint value for tokens in all other contexts attain 
statistical significance: for palatals compared with alveolars and labio-dentals at p < . 0 I 
and for all other pairwise comparisons at p < . 001. 
In the case of 1£1, midpoint values are significantly higher in the context of a preceding 
velar than in any other context other than a preceding dental. Overlap in this instance is 
due to the small number (six) and high variance of tokens in the dental context. As in the 
case of /r/ and /'J/, the lowest values occur for tokens following /w/. Values are also 
significantly lower in the context of a preceding labio-dental than all contexts except for 
/w/. The influence of C2 place of articulation is more constrained and almost entirely 
attributable to the lowering effect of velarised /ti. 
At the carryover level, F2 midpoint values for /u/ vary significantly as a function of high 
compared with low locus consonants, being higher in the context of a preceding palatal, 
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alveolar or velar than in other contexts. The lowest values occur following labio-dentals 
and apicals. At the anticipatory level, however, there is no apparent differentiation in 
value as a function of consonantal place of articulation. 
Results for Jul reveal comparatively little separability in F2 midpoint value as a function 
of either preceding or following consonantal place of articulation. Values are 
significantly higher following palatals than following velars (p < .1) or apicals ( p < .01). 
Otherwise there is no differentiation between place categories at the carryover level. As 
in the case of Ir.I, the main effect of c2 observed for Jul, reflects the influence of a 
following dark /t/. Midpoint values for Jul are significantly lower preceding apicals than 
in all other contexts. 
The lower overall context-dependency displayed by the mid-low, back vowel /Al 
compared with the corresponding mid-low, front vowel Ir.I, is largely attributable to a 
lesser degree of anticipatory coarticulation. This, in tum, may be attributed to the fact 
that velarised /t/ which accounts for the anticipatory effect on Ir.I midpoint values, is 
articulatorily and acoustically compatible with back vowels and therefore does not exert 
the same coarticulatory influence (Recasens, 1991). By the same token, a strong 
anticipatory effect for I Al might be expected in the context of a following palatal or 
alveolar. The absence of such an effect in the present data is due, in part, to the small 
number of following palatal contexts (five tokens). It is noteworthy, however, that there 
is no significant effect of a following alveolar. A possible explanation lies in the 
interaction of context effects whereby the raising effect of a following alveolar is 
cancelled out by the lowering effect of a preceding low locus consonant. The mean 
midpoint value for I Al in C2=alveolar contexts is lower when the opposing C 1 context is a 
low locus consonant than when it is a high locus consonant (see Table A l .g, Appendix 
A). However, the results of the two-way analysis of variance do not show a significant 
C 1 x C2 interaction. Furthermore, corresponding variation in midpoint value for I Al in 
C 1=alveolar contexts as a function of C2 place of articulation is not apparent also 
indicating greater robustness for alveolars in C 1 position. 
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At the carryover level, I tJ midpoint values are significantly higher following palatals 
(p < .01), velars (p < .001) and alveolars (p < .001) than following labials or /w/. There 
is also a significant difference in ~dpoint value for tokens in preceding alveolar contexts 
compared with tokens in preceding labio-dental (p < . 01) or apical (p < . 001) contexts. 
Values are also significantly lower in the context of a preceding /w/ than a preceding 
dental (p < . 05) or apical (p < . 001 ). 
The highest midpoint values for /n/ also occur in the context of a preceding alveolar or 
velar and the lowest values, in the context of preceding labio-dentals, labials and apicals. 
The pairwise differences between groups are significant in the case of the alveolar 
compared with the labio-dental, labial and apical categories (p < . 001) and in the case of 
the velar compared with the labio-dental (p < .05) and labial (p < .01) categories. For 
hi, significant pairwise differences in midpoint value are obtained for tokens in the 
context of a preceding velar compared with tokens following labio-dentals (p < . 05), 
labials (p < . 01) and /w I (p < . 01 ), also in the context of preceding alveolars compared 
with labio-dentals (p < .01) or labials and labio-velar /w/ (p < .001). Significant pairwise 
differences are also obtained for preceding labio-dental (p < .05) and labial (p < .01) 
contexts compared with apical contexts and for apical compared with labio-velar 
contexts (p < .01). Higher values are obtained in the velar, alveolar and apical contexts. 
There is no significant main effect of following consonantal place of articulation for either 
vowel. As for I Al, results of the two-way analysis of variance indicate that the lack of a 
C2 effect cannot be attributed to a c 1 x C2 interaction. 
As in the case of Ir.I, the anticipatory effect obtained for Iii and /a/ is largely due to the 
influence of a following velarised /ti. In both cases, carryover coarticulatory effects are 
more evenly spread across contexts. For /i/, the highest values predictably occur in the 
context of a preceding velar or alveolar and the lowest values, following /w/. 
Significantly lower values are also obtained in the context of a preceding apical than in 
the context of a preceding labial (p < . 01). For the low, front vowel /a/, significant 
103 
differences are obtained for tokens in the context of a preceding labio-dental (p < .00) 
compared with tokens following velars and alveolars (p < . 01) and between tokens in the 
context of preceding velars and apicals (p < . 01 ), with lower values occurring in the 
labio-dental and apical contexts .. Significantly lower values are also obtained in a 
preceding labio-dental context than in either a preceding labial or apical context (p < 
.01). 
The central vowel 13/ also displays significant differences in midpoint value for tokens 
following palatals, velars and alveolars compared with tokens following labials 
(p < .001), labio-dentals (p < .01) and /w/ (p < .05). However, as in the case of the back 
vowels, midpoint values show no differentiation across palatal, velar and alveolar 
contexts. Overlap also occurs between dental, labio-dental and labial contexts. Values 
are significantly lower following /w I than in all other contexts except following labials 
and labio-dentals. Again, there are a greater number of significant pairwise differences at 
the carryover than at the anticipatory level. The only significant difference in midpoint 
value that occurs as a function of following consonantal place of articulation is for tokens 
in velar and labial contexts compared with tokens in alveolar contexts, with higher values 
being obtained in the alveolar contexts (p < .001 and p < .05 respectively). 
For the low, back vowel /a/, there is no main effect of either Cl or c2 place of 
articulation and no C lx c2 interaction. The stability of this vowel across different 
contexts is illustrated graphically in Figure 5 .45 which shows the /a/ mean second 
formant trajectories plotted as a function of both C 1 and c2 place of articulation. 
In sum, F2 midpoint values for front vowels tend to be higher following velars than in all 
other contexts. Relatively high values for /i, r, a/ also occur following alveolars. In the 
case of/£/, values are higher in the context of a preceding palatal than a preceding 
alveolar. This is also true in the case of lo/, /u/ and 13/. For the back vowels, higher 
values generally occur following alveolars, although for la/ and /-:J/, F2 is higher following 
apicals. Relatively high values also occur for /n/ and hi in the context of a preceding 
104 
velar or palatal. The lowering effect of the labio-velar glide /w/ is highly systematic and 
consistent across all vowels although, in terms of the amount of shift in F2, is predictably 
of a lesser extent for the back vowels than for the front vowels. There is generally less 
differentiation in vowel midpoint. value at the anticipatory than at the carryover level. In 
the case of the front vowels and /u/, lo/ and 13/, a significant C2 effect largely reflects the 
lowering influence of a following velarised /l/. The two exceptions to this are /;}/ and II/ 
which show a higher degree of separability in midpoint value as a function of C2 than of 
ct place of articulation. Schwa, closely followed by III, shows the greatest 
differentiation in F2 midpoint value overall. 
The results of the two-way analysis of variance and pairwise comparisons for place x 
manner effects generally reveal lower F2 values for vowels in fricative compared with 
stop and nasal contexts. For example, lower F2 midpoint values for III and 1£1 are 
obtained in the context of a preceding alveolar fricative than in either the corresponding 
stop or nasal contexts. In the case of III, both pairwise comparisons are significant at 
p < .001. In the case of/£/, there is a greater difference between the fricative and nasal 
(p < . 001) than between the fricative and stop contexts (p < . 05). 1£1 also shows a 
significant difference in value for tokens in the context of preceding If, v/ compared with 
tokens following /p, bl (p < .01) or /ml (p < .001). Schwa also displays lower values . 
following /s, z/ than /t, cl/ (p < .01) and lower values following If, v/ than following /ml 
(p < .05). Similarly, lower values are obtained for /a/ in the context of a preceding 
alveolar or labial fricative than in the corresponding stop contexts (p < .05). There is 
also a significant difference in value for /a/ tokens following If, v/ compared with tokens 
following /ml (p < .05). In the case of Iii, lower F2 midpoint values are obtained for 
tokens in the context of a preceding /t, cl/ compared with tokens following /n/ and lower 
values for tokens following /p, bl and /f, v/ than for tokens following /ml (p < . 001 and 
p < . 01 respectively). 
III and /a/ are the only vowels to show an interaction of ct place x manner effects. In 
both cases, this reflects higher values for tokens in alveolar contexts compared with in 
labial contexts except when the alveolar is a fricative or the labial is a nasal. · The back 
vowels and 13/ do not show any manner effects within either place category. 
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Manner effects are less pervasive. at the anticipatory level. Lower F2 midpoint values are 
obtained for /i/ tokens preceding /s, z/ than preceding /p, bl ( p < . O 1) and for /a/ tokens 
preceding alveolar fricatives and stops than preceding Inf (p < .001). Otherwise there are 
no significant manner effects. /u/ shows a significant interaction of effects such that 
lower mean values are obtained in the context of a following alveolar than a following 
labial unless the alveolar or labial is a fricative. The only difference to attain significance, 
however, is between tokens in the alveolar and labial fricative contexts (p < .05). 
In general, the observed pattern of consonantal place effects is consistent with effects 
reported in the literature (Stevens & House, 1963; Stevens, House & Paul, 1966). The 
ranking of consonantal place categories on the high-low F2 continuum are also consistent 
with the acoustic resonator theory (Stevens & House, 1956) which predicts increasingly 
lower F2 locus values as consonantal place of articulation moves forward in the vocal 
tract. The exception to this occurs in the case of velars in the context of back rounded 
vowels where they are characterised by relatively low onset/offset values. In the case of 
the labio-velar glide /w/, lip-rounding serves to increase the length of the vocal tract, 
thereby lowering F2 relative to the other labial consonants (Lehiste, 1964; Mack & 
Blumstein, 1983 ). Despite considerable variation in absolute onset/offset value as a 
function of vowel identity, the high-low rank-ordering of consonantal place categories is 
relatively stable across front/back vowel classes and individual vowels (see Figures 
5.37:5.39). 
The lower values observed for front vowels and for schwa in both alveolar and labial 
fricative compared with in the corresponding stop or nasal contexts is also consistent 
with observations in the literature (Stevens & House, 1963; Recasens, 1991; Farnetani et 
al., 1993). The greater coarticulatory influence of fricatives in these studies is attributed 
to greater mechanical constraints on the movements of the tongue and jaw during their 
production. According to Stevens & House, the slower and more precise movements 
involved in achieving an appropriate fricative constriction compared with complete 
closure for stops, results in less time being available for the vowel and thus greater 
undershoot. In gestural terms, th.e production requirements of the fricative take 
precedence over those of the vowel (Recasens, 1991; Fametani et al., 1993). 
5.3.2 Fl 
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One-way analyses of variance were performed for F 1 in which the grouping variable was 
either C1/C2 place of articulation or C1/C2 manner of articulation. A two-way analysis of 
variance was also performed to test for place x manner effects. As in section 5. 3. 1, this 
examined for differences in vowel midpoint value as a function of manner of articulation 
in alveolar or labial (including labio-dental) contexts. Results of the analyses of variance 
are presented in Tables 5.18:5.22. Vowel mean midpoint values are plotted in Figure 
5.44. 
As Table 5 .18 demonstrates, place effects for F 1 are predictably less extensive than for 
F2. In addition to schwa, only the front vowels /Ii, Iii, Ir.I and /a/ show a significant C1 
main effect. In the case of /i/, this reflects a difference in F 1 midpoint frequency for . 
tokens in velar compared with dental, labio-velar and labial contexts (p < .05). Values 
are highest following dentals and labio-velar /w/ and lowest, following velars. In the case 
of /Ii, the C1 effect is accounted for solely by the raising influence of a preceding apical. 
Values are significantly higher in this context than following dentals (p < . 01) or 
following palatals, velars and alveolars (p < .001). Fl midpoint values are significantly 
lower for Ir.I in the context of a preceding velar or labio-velar than a preceding alveolar 
(p < .01). For the low, front vowel /a/, Fl midpoint values are significantly higher in the 
context of a preceding labio-dental (p < . 0 5), labial or apical (p < . 01) than in the context 
of a preceding dental. Schwa displays the highest degree of separability. The lowest 
values occur following /w/ and palatals and the highest values, following apicals and 
labials. Overlap occurs between values for tokens in preceding palatal compared with 
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labio-velar contexts, velar compared with alveolar, dental, labio-dental and labial 
contexts, alveolar compared with dental contexts and labial compared with labio-dental 
and apical contexts. All other pairwise differences attain significance at p < . O 1 
(or p < .05 in the case of the Pal-.Alv and Pal-Den comparisons). 
C2 place of articulation has a wider influence than c 1 place of articulation with the back 
vowels /n/, /Al and /u/ also showing a significant main effect in addition to schwa, III, 1£1 
and /a/. Note, however, that there is no significant C2 place effect for /ii. In the case of 
/Al and /u/, the C2 effect reflects the influence of a following apical. This is to raise the 
F 1 midpoint values for I Al and to lower them for /u/. A following apical also serves to 
lower F 1 in the case of /a/. The highest values for /a/ occur in the context of a following 
labial. In the case of/£/, Fl is significantly higher in value for tokens preceding labials 
compared with palatals (p < .001), velars (p < .05) and alveolars (p < .01). /n/ midpoint 
values are significantly higher in the context of a following velar than a following alveolar 
(p < .05), otherwise there are no significant pairwise differences. Schwa and /II show the 
greatest differentiation in Fl midpoint value. For III, values are highest in apical and 
labial contexts while for/~/, they are highest in apical and labial/labio-dental contexts. 
Relatively low values for III occur preceding dentals and labio-velar /w I and for schwa, 
preceding velars and palatals. The difference in /~/ F 1 midpoint value is significant for_ 
tokens preceding velars and palatals compared with alveolars, labials, labio-dentals 
(p < . 01) and apicals (p < . 001) and for tokens preceding apicals compared with 
alveolars, dentals, labio-dentals and /w/ (p < .001). 
A significant main effect of C1 manner of articulation is evident for all vowels except /3/, 
/al, Inf and /u/. The mid vowels /n/ and /3/ also fail to show a significant C2 main effect. 
There is also no significant C2 effect for lo/. At the carryover level, the F 1 values for Iii 
are significantly lower following stops than in all other contexts and significantly higher 
following nasals than all other contexts apart from glides. For/£/ there is a significant 
difference between values for tokens following nasals compared with glides (p < . 01 ), the 
lower values occurring in the glide context. For /al, values are significantly higher in the 
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context of a preceding liquid than following fricatives (p < .05). Significantly higher 
values occur following nasals compared with fricatives for hi (p < . 05) and for nasals 
compared with fricatives (p < . 01) and stops (p < . 001) in the case of I Ai. As with place 
of articulation, schwa and II/ sho~ the greatest degree of differentiation in Fl midpoint 
value as a function of different manner categories. In the case of schwa, overlap occurs 
between tokens in stop and fricative contexts and between tokens following nasals and 
liquids, otherwise all pairwise differences are significant (p < .01). As for the other 
vowels, higher values generally obtain in the nasal and liquid contexts and lower values in 
the stop and fricative contexts. The lowest values occur for tokens following glides. Ir.I 
also displays significantly lower Fl values following stops than in any other context. 
Values are also significantly higher in preceding nasal and liquid contexts than in all other 
contexts. 
A similar pattern is also evident at the anticipatory level with generally higher values 
occurring in nasal and liquid contexts and lower values in stop and fricative contexts. F 1 
values for Iii tend to be lower preceding stops than preceding nasals (p < . 001) and 
liquids (p < . 01). The difference between group means is also significant for fricative 
compared with nasal contexts (p < .001). Following nasal contexts also display higher 
values than following stop contexts (p < .001) in the case of 131, than following stop apd 
fricative contexts (p < .01) in the case of lu!, than following liquids (p < .05) in the case 
of laJ and than following stop and liquid contexts (p < . 01) in the case of hi. 
Significantly higher values for nasal contexts than for stop or liquid contexts (p < . 001) 
are also evident in the case of I Ai. For 1£1, Fl values are significantly higher for tokens 
in both preceding nasal (p < . 001) and liquid (p < . 01) contexts than in preceding stop 
contexts. The lowest Fl values for la/ occur following glides (p < .001) and also tend to 
be lower preceding stops compared with nasals (p < .01) and fricatives (p < .05). 
Overlap occurs for schwa tokens in the context of following stops, fricatives and glides 
and in the context of following nasals and liquids. All other pairwise differences are 
significant at p < . 001. As before, higher values obtain preceding liquids and nasals and 
lower values preceding glides, stops and fricatives. Ir.I is also characterised by higher Fl 
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values in the context of a following nasal or liquid than a following stop, fricative or 
glide. The difference in value for tokens in the liquid and nasal compared with the glide 
context are significant at p < . 05. All other pairwise differences are significant at 
p < .001. 
The results of the two-way analysis of variance for C1 place x manner for alveolar and 
labial consonants (see Table 5. 21) confirm that manner of articulation is more influential 
than place of articulation. In accordance with the C1 one-way analysis of variance 
results, the main C 1 manner effect is largely accounted for by a difference in F 1 value for 
tokens in nasal compared with stop contexts. For schwa and II/ the distinction applies 
across both place categories. For both vowels, Fl is significantly higher following Inf 
than following either the stops /t, di or the fricatives /s, z/ (p < .001). Within the labial 
category, schwa values are significantly higher following Im/ than following the labio-
dental fricatives /f, v/ (p < .05). For /Ii, significantly higher values obtain in the context 
of a preceding Im/ compared with the corresponding stop context (p < . 001) but there is 
no distinction between the nasal and fricative categories. Results for /u/ show the same 
pattern as for /Ii attaining significance at p < .05. In the case of /i/, the distinction only 
applies in the case of alveolars. Values are significantly higher in alveolar nasal contexts 
than in either alveolar fricative (p < .05) or stop contexts (p < .001). Fl is also 
significantly higher following Im/ than /t, di (p < . 05) although there is no distinction 
between Im/, /p, bl or If, v/. For /Ai and hi, the manner effect is less extensive again, 
reflecting a distinction only between Inf (p < .01) and /m/ (p < .05) and the labial stops 
in the case of I Ai and, in the case of /-:JI, a distinction between Im/ and the alveolar 
fricatives (p < .05). 
Results show a significant place x manner interaction only in the case of schwa and /Ii. 
For schwa, this reflects lower values for tokens in alveolar compared with labial contexts 
except when the alveolar is nasal. In the case of /Ii, lower values obtain for alveolar 
compared with labial contexts except when the alveolar is nasal or when the labial is a 
stop. 
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Effects at the anticipatory level show a similar pattern to those at the carryover level, 
although there are some differences. In general, C2 manner effects are more pervasive 
than C
1 
manner effects. In addition to /'J, r, i, A, J, u/, significant main effects are also 
apparent for la/, lrJ and 13/. Fo~ the most part, there are also a greater number of 
significant pairwise differences as a function of C2 compared with C1 manner of 
articulation. For example, in the case of Ir!, there is also a difference in Fl for tokens 
preceding alveolar stop compared with fricative contexts, lower values being obtained in 
the fricative contexts (p < .01). Similarly, there is also a distinction between labial stops 
and labio-dental fricatives for /u/ at the anticipatory level (p < .05) which is not evident at 
the carryover level. However, in this case, lower values are obtained in the stop context. 
A significant interaction of effects for /u/ also results in higher F 1 values for labial 
compared with alveolar contexts except when the labial is a stop. Unlike at the carryover 
level, there is no significant manner effect for following alveolars. 
In the case of Iii, there is an additional manner effect for labials at the anticipatory level, 
such that higher values obtain for tokens preceding /ml than for tokens preceding /p, bl 
(p < .05). However, unlike at the carryover level, Fl is not significantly higher for tokens 
preceding /ml compared with tokens preceding alveolar fricatives and stops. For /Al, 
there is an additional distinction between alveolar nasal and alveolar stop contexts 
(p < . 01 ), with higher values occurring in the nasal contexts. However, the distinction 
between preceding alveolar nasal and labial stop contexts no longer applies. Fl values 
for lrJ are significantly higher preceding Inf than preceding the alveolar stops (p < .01). 
There is also a significant place effect: F 1 is higher preceding /ml than preceding Inf or 
Is, z/ (p < . 05) and /t, di (p < . 001). In the case of schwa, there is a reduction in the 
number of pairwise differences that are significant at the anticipatory level compared with 
at the carryover level. As before, there are significant manner effects within the alveolar 
category and in the same direction, however, there are no manner effects within the labial 
category. 
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In comparison with F2, there is relatively little information in the literature With respect 
to consonant-to-vowel coarticulation for F 1. There is also less consistency in the 
observed effects across studies. This may be attributable, in part, to between speaker 
variability with respect to the w~y in which tongue height is controlled. While for some 
speakers, tongue height is dependent on jaw position, for other speakers, tongue and jaw 
are to some extent moved independently of each other. There is also evidence that the 
extent to which tongue and jaw interact varies depending on context (Lindau & 
Ladefoged, 1990). Thus, less correspondence between studies with respect to FI 
contextual variation than in the case of F2 variation may reflect greater between-speaker 
differences in articulatory strategy for tongue height relative to front/backness. 
With respect to the place effects observed in the present study, the generally higher Fl 
values for vowels in labial contexts is consistent with observations made by Lindau & 
Ladefoged (1990). They report that three of the four speakers in their study showed a 
lower jaw position for bilabials than for alveolars. They also note that this contrasts with 
the observations of Keating et al., (1990) who report a higher average jaw position 
for vowels in the context of !bl than in all other consonantal contexts. Lindau & 
Ladefoged explain their results in terms of the rapid lip movement towards bilabial 
closure that was also observed for their speakers. In the bilabial context, the lower lip· 
was found to travel faster and further than in the alveolar context. The implication is that 
a lower jaw position in the bilabial context is tolerated because consonantal closure can 
be achieved by rapid lip movement. 
Lower FI values observed for vowels in fricative contexts reflects the higher jaw position 
necessary to achieve the appropriate placement of the upper and lower teeth to produce 
high frequency friction. Generally higher values for tokens in liquid contexts also reflects 
a comparatively low tongue-body and/or jaw configuration for vowels in this context 
(Farnetani et al., 1993). Higher values obtained for vowels in nasal contexts, however, 
may be attributed to the effects of nasalisation. In their study of vowel nasalisation using 
electrical analogs of the oral and nasal tracts, House & Stevens ( 1956) report an increase 
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in the frequency of Fl for all vowels with nasal coupling. In the present sttidy, a 
relatively small proportion of the vowels which occur in nasal contexts were transcribed 
as being nasalised. However, given that nasalisation is not used contrastively for vowels 
in English, this may reflect a lac~ of refinement in the labeller's perception of nasality. It 
is also the case that vowels in connected speech are likely to show varying degrees of 
velopharyngeal opening which may not always be sufficient to cue the perception of 
nasality. 
5.4 Discussion 
In the following discussion, the magnitude of coarticulatory effects and the patterns of 
variability displayed by different vowels are evaluated with reference to the question of 




The results of the regression analysis provide strong support for the theory that schwa is 
unspecified for tongue position. Given that 100% prediction accuracy is unlikely owing 
to the inevitable presence of some random variability, 92% explained F2 variance for 
schwa tokens in the pooled data set (94% for the CCdCV set) arguably denotes a near 
maximal level of context-dependency. The linearity of the majority of schwa F2 mean 
trajectories and the wide spread in schwa F2 midpoint value also indicate interpolation 
through, although the overall range in schwa F2 midpoint value, as shown in section 5. 1, 
is subject to some constraint. 
Browman & Goldstein (1992) report that in their articulatory data, schwa shows greater 
variability in tongue position than any other vowel but that the range of this variability 
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does not extend across the entire vowel space. The present acoustic data accords with 
this observation. As demonstrated in section 5. 1, the F2 mean midpoint values for schwa 
do not extend into the extreme upper or lower regions in F2 space. The highest mean 
value for schwa obtained in the Pal-Vel context (1786 Hz) is not as high as the 
corresponding mean values obtained for Iii and Ir/ (2106 Hz and 1850 Hz respectively) 
(see Table A l .a:b, Appendix A). Similarly, the lowest mean value for schwa obtained in 
the Labd-Labv context (958 Hz) is not as low as the values obtained for /JI and lnl in the 
near equivalent contexts Labd-Lab and Lab-Api (746 Hz and 878 Hz respectively). In 
order to determine how far these figures reflect what occurs at the individual token level, 
the percentage of overlap along F2 between /di and Iii tokens and between /di and /JI 
tokens was calculated. A cut-off of 5% was used to exclude outliers and to maintain 
consistency with the vowel ellipses plotted in Fl-F2 space and shown in section 6.2. For 
comparison, the percentage of overlap along F2 between schwa and each of the other 
vowels was also calculated. This is shown in Figure 5.46. 
Figure 5.46: Percentage of overlap along F2 between schwa and the full vowels. 
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The minimal degree of overlap between /di and Iii and between /di and /-JI tokens and the 
relatively small degree of overlap between schwa and the other back vowels (excepting 
lu/ and lo/) confirms that there are constraints on the spread in schwa F2 midpoint value 
relative to the maximum range possible in F2. These constraints, however, do not reflect 
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an inherent front/back specification but are rather reflective of contextual limitations. 
The only consonants which are characterised by F2 values approaching the target F2 
values for /i/ or /JI are those with primary or secondary palatalised or velarised 
articulations. Thus, the only co~text in which /'J/ is likely to approach the values 
characteristic of /i/ is in the context of two palatals, between two /i/ vowels or between 
/i/ and a following velar which has assimilated the /i/ high F2 value. In the present data, 
there are no examples of schwa in the context of a preceding and following palatal or /i/ 
vowel. However, there are five examples of schwa in the context of a preceding /i/ and a 
following velar. The mean midpoint value for these tokens at 1955 Hz is considerably 
higher (169 Hz) than the corresponding mean obtained for tokens in the Pal-Vel context. 
In the case of /JI, similarly low values for schwa are only likely to occur in the context of 
/J/ (or /u/ for speakers who produce this with a full back quality) and /w/ or /t/. In the 
present data, there is one example of schwa occurring in a symmetrical labio-velar 
context and five tokens which occur in the context of a preceding /J/ and following /ti. 
In these contexts schwa displays a midpoint value and a mean midpoint value of 922 Hz 
and 1065 Hz respectively. Thus, it appears that, given the appropriate contexts, schwa 
F2 midpoint values do approach the upper and lower limits in F2 value, although they do 
not attain the most extreme values characteristic of the majority of /i/ and /J/ tokens .. 
The temporal extent and directionality of effects for /'JI also indicate phonetic 
transparency. In line with Keating' s (1988) predictions for unspecified segments, 
coarticulatory effects extend throughout schwa in both directions such that there is a 
moderately strong C2 influence at schwa onset and a moderately strong C1 influence at 
schwa offset. This is reflected in the correlation between onset and offset value (r = . 56 
for F2 and r = . 41 for F 1). In addition to a greater interaction of context effects, and also 
in accord with Keating' s predictions, there is also a greater parity in the level of 
carryover compared with anticipatory coarticulation for schwa (and /Ji) than for the full 
vowels. 
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In terms of the overall magnitude of carryover compared with anticipatory· effects, the 
results of the regression analyses indicate a marginally stronger carryover effect while the 
analyses of variance show a stronger anticipatory influence. The discrepancy in results 
may be attributed to the fact that only adjacent consonantal context is considered in the 
analyses of variance. The relatively small number of immediately adjacent vocalic 
contexts prohibited comparison of individual vocalic place of articulation. In the 
regression analysis all tokens are included because no distinction is made between 
individual contexts. However, given that amount of coarticulation varies depending on 
the specific combination of vowel and consonant gestures (Stevens & House, 1963; 
Recasens, 1991 ), the overall magnitude of carryover compared with anticipatory effects 
is a less reliable measure of the directionality of effects than is the relative degree of 
differentiation in midpoint value as a function of individual C1 compared with C2 
contexts. 
As shown in section 5.3, schwa displays a high degree of separability in F2 midpoint 
value as a function of both C1 and C2 place of articulation. With the exception of II.I, the 
full vowels all show greater separability in midpoint value as a function of preceding 
consonantal place of articulation even though, in the case of 1£1 and /u/, there is a 
stronger anticipatory effect in terms of the overall amount of perturbation to the vow~l 
midpoint value. 
5.4.1.3 Fl 
The total proportion of explained F 1 variance for schwa is considerably lower than the 
total proportion of explained F2 variance. One possible interpretation for this difference 
in results, is that the lower context-dependency for Fl is reflective of an Fl target. That 
schwa should be specified for jaw position, albeit weakly, is to be expected given that 
some degree of jaw opening is inherent to its characterisation as a vowel. Keating (1990) 
describes an analogous situation for English vowels with respect to nasality. Because 
vowels in English are phonologically unspecified for nasality, they are characterised by 
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wide windows for velum position and therefore accomodate most interpolations between 
consonants along this dimension. However, they will not permit a completely linear 
interpolation between two nasal consonants (characterised by maximal opening for velum 
position) since a slight raising of.the velum is required in order to satisfy the [+oral] 
specification. However, beyond being characterised by an open constriction as opposed 
to a stricture of complete closure, there is no evidence in the present data to indicate a 
specific Fl target for schwa. As the coefficient of variance values demonstrate (see 
Table 5.2), schwa is actually more variable along Fl than along F2. With the exception 
of a small number of nasal contexts, the mean Fl trajectories for schwa also show 
interpolation through. 
It is, therefore, more likely that the lower overall proportion of explained Fl compared 
with explained F2 variance reflects a higher proportion of random variability present for 
Fl. It is also possible that temporal structure is more important for Fl than for F2 in 
which case formant values sampled at the durational vowel midpoint may be 
comparatively less representative of the Fl target. While the comparison of sampling 
points in Chapter 4 did not reveal any significant differences between F 1 and F2 with 
respect to the relative performance of the midpoint, this possibility cannot be ruled out. 
Success in characterising vowels was judged in terms of the statistical separability of 
vowel distributions. For this, only absolute formant values obtained with each 
measurement method were used as input to the classifier. If, as Di Benedetto (1989) 
suggests, vowels vary inherently with respect to the time at which F 1 maxima are 
attained and if, as the results of the present survey indicated, temporal structure also 
varies as a function of context, in order to do full justice to the formant maxima method 
in a comparative evaluation of its performance (either across vowels or across formant 
frequencies), additional temporal and contextual information would also need to be 
supplied. The fact that several vowels display higher levels of variability for Fl than for 
F2 and that the R2 values for F 1 are lower than the corresponding R2 values for F2 in all 
cases are consistent with a general explanation along these lines. 
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Despite the difference in the overall R2 value obtained for Fl and F2, the 74% explained 
Fl variance nevertheless represents a significantly high level of context dependency. In 
view of this and, in view also of the high F 1 variability for schwa and the linearity of the 
schwa mean F 1 trajectories, it m~y be concluded that schwa is also highly unspecified 
along this formant dimension. As in the case ofF2, the full range in Fl value for schwa 
does not cover the maximum frequency range possible for F 1 across all vowels. 
Specifically, there are comparatively few tokens characterised by very high Fl values. 
However, as before, the apparent constraint on variability in schwa midpoint value is less 
reflective of an inherent target specification than of contextual limitations. 
There is also generally less interaction of effects for Fl than for F2. However, as shown 
in Figure 5.36, schwa displays a higher correlation between Fl onset and offset value 
than any other vowel. Results of the analyses of variance and Tukey multiple comparison 
of means tests also show a relatively higher degree of differentiation in schwa midpoint 
value as a function of both C1 and C2 place or manner effects than the other vowels. 
Thus, although less conclusive than in the case of F2, the range and directionality of 
coarticulatory effects for F 1 are not inconsistent with the targetless hypothesis. 
5.4.1.3 Comparison of results with other studies 
The amount of explained variance in schwa midpoint values for both F 1 and F2 is 
considerably higher in the present study than that reported by Van Bergem (1994) for 
schwa in 1VC~C and C~1CV nonsense sequences. For Fl, Van Bergem reports 29% and 
38% and for F2, 72% and 79% explained variance for 'VC~C and C~1CV sequences 
respectively. However, the present result for F2 is comparable with the 87-89% 
explained F2 variance (obtained for three speakers) reported by Kondo (1995) for 
schwas in VC~CV sequences excised from meaningful, connected speech data. The 
lower percentage of explained variance in Van Bergem's study may be attributable, 
therefore, to the fact that nonsense words and words in carrier phrases tend to be 
pronounced more carefully than more natural speech data (Koopmans van Beinum, 1980; 
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Krull, 1989; Lindblom & Moon, 1988). More careful pronunciation typically results in 
longer durations and less coarticulation between segments (Engstrand, 1988). While this 
is a plausible explanation for the observed difference in results, allowing for style 
dependent variation in the amou~t of context-dependency shown by schwa is potentially 
problematic for the targetless analysis. If schwa is completely unspecified along Fl and 
F2, it should show similar levels of context-dependency across different speaking rates 
and styles. 
In an attempt to resolve this apparent anomaly, it is proposed that schwa is targetless 
insofar as it represents an empty time-slot in a manner similar to that proposed by 
Anderson (1982) for French schwa, but that different phonetic consquences are manifest 
during this time-slot depending on variation in factors such as speech style and rate and 
therefore also in duration and amount of coarticulation. (In contrast to Anderson's 
phonological analysis, the phonetic structure is assumed here to be implemented at 
surface level.) In circumstances of short segmental durations and/ or a relatively high 
degree of coarticulation between segments, the articulatory and acoustic interval 
corresponding to schwa will reflect interpolation through. In more careful or artificial 
styles of speech, an increase in the duration of the schwa interval and/ or a general 
decrease in the amount of coarticulation between adjacent specified segments may resl;llt 
in articulatory relaxation or drift during schwa giving rise to formant values characteristic 
of a general relaxation position for the tongue. 
This analysis is consistent with predictions made by Browman & Goldstein's (1986; 
1989; 1992) model of articulatory phonology. According to Browman & Goldstein 
(1992), passive changes in the value of tract variables such as degree and location of 
tongue body constriction during intervals when they are not under active gestural control, 
occur through coupling with a variable that is under active control and/or an articulator-
specific 'neutral' or 'rest' regime. Thus, with respect to their own data (see Chapter 2, 
section 2.3.2.3 for full description), Browman & Goldstein (1992) consider the 
possibility that the warping in the tongue trajectory they observe for medial schwa in 
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/pip~'pip~/ sequences, represents movement toward "an overall average or neutral 
tongue position" (p.42). However, on the basis of the results of tests involving computer 
simulated data, they reject this analysis and argue instead in favour of an active target 
which is specific to schwa. 
In the final simulation they perform, in which no tongue body gesture is active during 
the schwa interval, Browman & Goldstein report a lowering of the tongue trajectory 
for all utterances including the /pap~'pap~/ sequence. In the X-ray data, this 
sequence was characterised by a raising of the tongue-body during schwa. They 
attribute the general lowering of the tongue body for the simulated data to the fact 
that 
... the neutral position contributing to the tongue-body movement was that 
of the tongue-body articulators rather than that of the tongue-body tract 
variables; consequently the dip was relative to the jaw, which, in tum, was 
lowering as part of the labial release. (p. 54) 
On the basis that the neutral positions for individual articulators produced a different 
articulatory effect from the neutral position "defined in the space of tract variables" (i.e. 
location and degree of tongue body constriction), Browman & Goldstein conclude that 
"a target position for schwa was specified, although this target is completely predictable 
from the rest of the system; it corresponds to the mean tongue tract-variable position for 
all the full vowels" (p.56). 
In his comments on their paper, Barry ( 1992, same volume) challenges Browman & 
Goldstein's conclusion. He claims that, within the articulatory phonology framework, it 
is not possible to distinguish between a hypothesised targetless schwa defined as an 
empty time slot from the schwa target they propose. Firstly, because "a phonologically 
targetless schwa could still not escape the residual dynamic forces of the articulatory 
muscular system, i.e. it would be subject to the relaxation forces of that system" and 
secondly, in view of the 'coordinative' assumption of articulatory control implicit in a 
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task-dynamic system "which argues against one gesture being relaxed independent of 
other relevant gestural vowel parameters" (p.66). Given that "any muscle in a functional 
system can only be accorded a "neutral" or "relaxation" value as a function of the forces 
brought to bear on it by other muscles within the system", Barry concludes that 
the mean vowel specifying the schwa "target" used by Browman and 
Goldstein is identical with the relaxation position of the vocalic functional 
system since it reflects the balance of forces between the muscle tension 
targets specified for all the other vowels within the system. (p.66) 
Thus, accepting the concept of a general relaxation position and, barring Browman & 
Goldstein's distinction between this and a neutral position specific to schwa, the 
targetless analysis is workable. Characterisation of schwa as a inherently unspecified 
time-slot with different phonetic reflexes depending on variation in the timing and inter-
articulator alignment of gestures has a number of advantages. In addition to 
accomodating potential differences in absolute degree of context dependency observed 
for schwa across different speech samples, this analysis also allows for potential 
differences in the articulatory and acoustic patterns for schwas occupying different 
temporal positions within an utterance. For example, utterance-final schwas are likely to 
exhibit different coarticulatory effects from schwas surrounded by context segments. 
Presumably, interpolation through can only occur in the case of the medial schwas. 
Utterance-final schwas may be expected to show carryover effects from the preceding 
segment( s) and relaxation towards the rest position in anticipation of the following 
silence. This is consistent with Nord's (1974) observations for final compared with non-
final unstressed vowels in Swedish: "unstressed vowels coarticulate strongly with context 
in non-final position ... and in final position with a rest-like position corresponding to an 
acoustic schwa vowel" (pp.153-154). Furthermore, as Barry (1992) points out, the idea 
of a general relaxation position also accords well with the differences in neutral vowel 
quality observed across different languages. Presumably the same also applies in the case 
of dialects with different vowel systems. For example, the neutral vowel in many 
Scottish dialects is characterised by a raised quality relative to schwa in SBS. 
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One situation in which it is difficult not to envisage an active gesture or 'target' for 
schwa is when it is pronounced in isolation. However, in this case, it can be argued that 
the 'target' is the same as the articulatory configuration and acoustic pattern 
characteristic of the general relaxation position, but that its attainment is 'intentional' as 
opposed to passive. It is also possible that highly artificial speech data of the kind used 
by Browman & Goldstein (1992) results in a similarly 'targeted' schwa in view of the 
relatively high degree of conscious introspection the task of producing an unnatural 
sequence in experimental conditions is likely to involve. 
One question that emerges following Barry's critique of their paper, is how to explain the 
different articulatory patterns Browman & Goldstein observe for the /papd1papd/ 
sequence in the computer simulated and X-ray data. It is possible that these reflect 
methodological problems inherent in the modeling of the simulated data. Browman & 
Goldstein note that it was not possible to model the differential patterns of motion 
displayed by the middle compared to the rear of the tongue body in the X-ray data. While 
they report a general similarity between the two sets of data, some differences were 
apparent such as generally more extreme positions and lower overall variability for the 
simulated data. However, it is also possible that, although mistaken in distinguishing 
between a general relaxation position and neutral position specific to schwa, Browman & 
Goldstein are correct in their analysis of an active (as opposed to passive) target for Id/ in 
their data. Since /di produced in isolation or in artificial nonsense syllables is arguably 
not the same phonological entity as Id/ which occurs in meaningful connected speech, the 
question of whether or not Browman & Goldstein's data reflect an active or passive 
schwa gesture is largely academic. For schwa tokens produced in the current connected 
speech data-base, there is no evidence of a specific Fl or F2 target. 
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5.4.1.4 Relative influence of adjacent vowels and consonants 
The results of the regression analysis for both F 1 and F2 show that, with respect to 
degree of coarticulatory influence, the temporal position of context segments in relation 
to schwa is more important than either their vocalic or consonantal status. 
The absence of significant vowel-to-vowel effects in the present data, except in those 
cases where schwa is immediately adjacent to another vowel (i.e. in the CVdCC and 
CVdCV sets) and likewise of consonant-to-vowel effects across an intervening vowel, 
may be attributed to the unrestricted nature of the speech material and to extensive 
consonant-vowel interactions. Keating ( 1988) describes three possibilities with respect 
to the type of vowel-consonant interactions likely to occur in a v1cv2 sequence. These 
are illustrated schematically in Figure 5.47 below. If as in (a) vi, C and v2 each have 
their own specification for a given feature (F), vowel-to-vowel effects in either direction 
will be blocked by the consonant. If as in (b) C has assimilated the feature value of V2, 
the vowel-to-vowel effect from v2 to vi will in fact be a vowel-to-consonant-to-vowel 
effect. There will be no effect ofVl on v2 because C's acquired feature value will serve 
to block interaction. If as in ( c) C has no specification of its own and remains 
unspecified, vowel-to-vowel effects will occur freely in both directions. 
Figure 5.47: Consonant-vowel interactions in a VCV sequence. 
(a) yl C y2 (b) yl c y2 (c) yl C y2 
! ! ! ! "'l ! ! 
F F F F F F F F F 
The small effect of a next adjacent vowel or consonant observed for some of the data sets 
may reflect a weakening rather than a complete blocking of effects. Alternatively, it may 
also represent instances of ( c ). 
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In addition to the potential blocking effect of intervening consonants, the small vowel-to-
vowel effect in the present data may also reflect the high variability in formant frequency 
value for the context vowels which include both stressed and unstressed tokens the 
' 
diphthongs and a high proportion of III and /d/ tokens. Other studies which report strong 
vowel-to-vowel effects (Magen, 1989; Fowler, 1981; Browman & Goldstein, 1992) use a 
restricted set of context vowels which, owing to the limited consonantal context and the 
controlled nature of the speech material (isolated nonsense syllables), are unlikely to have 
shown much variation from their target values. They also minimise consonant-vowel 
interactions by examining vowel-to-vowel effects across an intervening bilabilal stop. 
Van Bergem ( 1994) examines schwa in a wider range of consonantal contexts. In 
general, his results also indicate that temporal position in relation to schwa is more 
important than either the vocalic or consonantal status of the context segments. 
Although a greater vowel than C1 effect is noted for schwa in C1dC2V words (24% 
explained F2 variance compared with 21 % for C1 and 26% for C2), the C1 and C2 effects 
are both larger than the vowel effect for schwa in VC1d C2 words (15% and 48% 
compared with 9% respectively). The large difference in relative C1 and C2 contribution 
in the VC1dC2 words suggests generally greater anticipatory than carryover 
coarticulation which may also account for the relatively strong vowel influence in th~ 
C1dC2V words. The stronger vowel-to-vowel effect reported by Van Bergem might also 
be attributable to the fact that the context vowels in his data were restricted to the point 
vowels /i, a:, u/ and that these were also stressed. In representing the extremes of vowel 
quality, the point vowels are likely to exert the strongest coarticulatory influence of all 
the vowels. As Fowler (1981) demonstrates, stressed vowels also exert a stronger 
coarticulatory influence than unstressed vowels. 
5.4.2 Inherent variability: full vowels 
The proportion of variance explained by context alone (i.e. excluding the unique 
contribution made by duration) is shown graphically for all the vowels in Figure 5.48. 
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For comparison, the proportion of explained variance for schwa reported by Van Bergem 
( 1994) is also shown, indicated by the two horizontal lines. The dotted line represents 
the results for schwa in 1VCdC words and the unbroken line, the results for schwa in 
Cd'CV words. 
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As Figure 5. 48 demonstrates, the full vowels Ir, £, A, u, ul and /31 all display high levels 
of context dependency along F2. With the exception of Iii, all vowels display lower 
levels of context-dependency along Fl. The greater or comparable proportion of 
explained F2 variance for Ir, £, u, ul and of explained FI variance for Ir, u, i, £1 to the 
levels reported for schwa by Van Bergem is indicative of the difference in amount of 
coarticulation that can occur across speech samples as a function of factors such as 
variation in speech rate and style. It thereby serves to highlight the importance of 
assessing schwa's context-dependency within a comparative framework. 
5.4.2.1 Front versus back vowels 
Recasens ( 1991) predicts a greater magnitude of anticipatory coarticulation and hence a 
greater range of effects for schwa and for back vowels than for front vowels on the 
grounds that the tongue body is subject to a lesser degree of constraint during their 
production (see section 2.3.2.1 for a full discussion). While this prediction is supported 
in the present data with regard to schwa compared with the full vowels, the results do not 
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support his predictions for back vowels compared with front vowels. Recasens reports 
higher levels of variability for the back vowels /u/, lo/, /-J/ and /a/ in Catalan than for the 
front vowels /i/, /e/ and It.I. The present results accord with Recasens' data in 
demonstrating relatively low F2 context-dependency for the tense, front vowel /ii. 
However, they also show relatively high context-dependency for the lax, front vowels III 
and/£/ in comparison with the back vowels /a, n, "J/ and /Al. (As in Recasens' data, 
relatively high levels of context-dependency are also observed for the back vowel /u/. 
However, in the present study, /u/ is arguably disqualified from the front-back 
comparison owing to its fronted realisation.) 
In general, the back vowels show lower levels of anticipatory coarticulation and 
consequently also a less extensive range of coarticulatory effects than the front vowels. 
This result is attributable, in part, to differences between the two vowel classes with 
respect to which contexts exert the most coarticulatory influence and to an unequal 
distribution of these contexts in the present data. For example, in the case of /i/, 1£/ and 
/a/ the observed anticipatory effect is almost entirely due to the lowering influence of the 
velarised lateral /t/. The effects from velarised /t/ on back vowels are small in 
comparison. Recasens explains the difference in effect for the two classes of vowel in 
terms of gestural compatibility. The coarticulatory effect of velarised /t/ is particularly 
strong for front vowels because it involves a low back tongue position which conflicts 
with the raised and fronted tongue position characteristic of front vowels. It has a small 
effect on back vowels because they are similarly characterised by a low back tongue 
position. In Recasens' data, larger effects on back vowels were produced by palatal and 
<lento-alveolar consonants. The high tongue position required for these consonants 
caused an increase in the degree of linguapalatal contact and a corresponding increase in 
F2 frequency for the vowel. 
In the present data, the lack of a significant effect from a following palatal may be 
attributed to the small number of following palatal contexts (between five and ten tokens 
for each back vowel). However, the lack of a significant effect from a following alveolar 
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or dental consonant cannot be attributed to small sample size. Nor can it be attributed to 
an interaction of effects such that the raising influence of a following alveolar/dental is 
cancelled out by the lowering influence of a preceding low locus consonant. The results 
of the two-way analyses showed no significant C1 x C2 interaction for any of the back 
vowels. A higher degree of differentiation in offset than in midpoint value as a function 
of C2 place of articulation (see section 5. 3. 1) confirms that the relatively low level of 
anticipatory coarticulation displayed by /n/ and I Al and the lack of an observed 
anticipatory effect for I al and /J/ are not solely a question of contextual limitations but 
also reflect properties of the vowels. 
Thus, allowing for differences in speech material and methodology and also for 
differences in coarticulatory strategies between speakers (Nolan, 1985), the present data 
do not appear to support Recasens' ( 1991) proposals. In view of the relatively low 
variability displayed by the front vowels Iii and /a/ and the back vowels /a/, /JI and /n/, 
and, conversely, the relatively high context-dependency displayed by the lax, back vowel 
I Al and the lax, front vowels /I/ and/£/, in the current data, it is not possible to 
distinguish vowels in terms of inherent variability on the basis of their front/back 
classification. The apparent discrepancy between the present results and Recasens' 
findings is further discussed in section 7.2.4. 
5.4.2.2 Tense versus lax vowels 
A strict division between tense and lax vowel sets with respect to inherent variability is 
also not possible owing to the relatively high degree of context-dependency displayed by 
the tense vowel /u/ and the relatively low degree of context-dependency displayed by the 
lax vowels /a/ and /n/. However, it is the case that within each front/back category, the 
tense vowels and the long, lax vowel /a/ are more robust than the short, lax vowels. 
Thus, lower R2 values are obtained for Iii and /a/ compared with /I/ and/£/ and for la/ 
and /J/ compared with /n/ and I Al. This is true for both F2 and F 1. /u/ and 13/ also 
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display lower overall context-dependency along F2 than /u/ and/;}/. However, while /3/ 
is also more robust than/;}/ along Fl, /u/ displays a higher R2 value for Fl than /u/. 
In general, the greater context-sensitivity of lax compared with tense vowels is reflected 
in the level of F2 variability displayed by each vowel although overall degree of context-
dependency and overall range in midpoint value are not in one-to-one correspondance. 
Again, a strict division between tense and lax vowel sets is not possible, this time owing 
to the relatively high degree of variability displayed by /u/ and /-J/. Both vowels show a 
greater range in midpoint value than either of the lax vowels Ir.I and /Al. However, in 
each case, the tense vowels are less variable than their corresponding lax counterparts /u/ 
or /n/. With respect to Fl, Iii and /u/ show the highest variability after schwa and /II. 
Otherwise the lax vowels show greater variability than the tense vowels. 
The results for the mid-high, lax vowels III and /u/ indicate that, as in the case of schwa, 
these vowels are also unspecified for tongue position. Both vowels show a comparable 
range in F2 midpoint value to that displayed by schwa and similarly little difference in the 
range of midpoint compared with the range in onset or offset value. This is illustrated 
graphically by the distribution and linearity of the mean formant trajectories for each 
vowel. The high overall context-dependency shown by III and /u/ is confirmed in th~ 
regression analyses. Accepting the results of the analysis in which the extreme outliers 
for III are excluded (see section 5.2.3.1), both vowels show a comparable level of 
context-dependency to schwa. 
As the results of the analysis of variance and post hoc multiple comparison of means tests 
demonstrate, III also patterns with schwa with respect to the directionality of effects, 
both vowels showing a greater parity in the amount of carryover compared with 
anticipatory coarticulation than the other vowels. /u/, however, patterns with the full 
vowels showing a greater degree of differentiation in midpoint value as a function of 
preceding consonant place of articulation. /u/ also shows a relatively low level of overall 
variability and context-dependency along Fl while /r/ displays a comparable degree of 
F 1 context-dependency to schwa. 
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The relatively low contextual variability along F 1 for lo/ may reflect its inherent 
specification for lip-rounding. The increase in overall tract length caused by lip-rounding 
serves to lower both Fl and F2. However, this lowering effect is arguably more likely to 
be cancelled out in the case of F2 through variation arising as a function of variation in 
tongue position. /u/ also displays relatively low context-dependency for Fl compared 
with F2 although the difference in the R 2 value for F 1 and F2 is less than in the case of 
lo/. It is also possible that the lower Fl variability for lo/ reflects a more limited range of 
contextual influence. 
Less systematic effects for F2 may also be attributed to the influence of lip-rounding. 
Because lip-rounding affects the length of the front oral cavity, in connected speech it is 
likely to confound the raising and lowering effect of adjacent consonants on the vowel 
second formant values and thereby cancel out differences between individual place 
categories. Both vowels show relatively little differentiation in onset value as a function 
of preceding consonantal place of articulation. They also display greater overall 
variability in F2 midpoint value than either schwa or /r/. 
5.5 Duration 
A significant, unique contribution of duration to the F2 prediction for all vowels 
excepting /u/ and /3/, indicates a process of duration-dependent centralisation operating 
in addition to the process of contextual assimilation. However, in most cases, the 
amount of variance in F2 midpoint value uniquely accounted for by duration is negligible 
in comparison with the proportion accounted for by context (see section 5.2.3.3). The 
only vowels which show a relatively large independent durational effect are the high, 
front vowel /i/, the mid-low, back vowels /n/ and /J/ and the low, back vowel lo/. In 
absolute terms, the proportion of variance in /a/ F2 midpoint value uniquely accounted 
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for by duration is considerably lower than the proportion accounted for in the case of /i, 
o, -:JI. However, given the lower overall variability in /a/ F2 midpoint value, the relative 
contribution of duration is comparable. Predictably, in the case of each vowel, shorter 
durations generally imply more central values. 
Evidence of an independent process of centralisation conflicts with Lindblom's (1963) 
Undershoot Hypothesis (see Introduction to Chapter 6). It is, however, consistent with a 
gestural overlap account in which vowels are characterised as ranges or regions rather 
than as points in articulatory and acoustic space. Given that /i/, la/, lo/ and /-:J/, which 
represent the extremes in front/back tongue position (and hence the upper and lower 
limits in F2 value), are generally less compatible with context than vowels characterised 
by less extreme articulatory configurations (and hence more central F2 values), these 
vowels arguably have a wider 'target' area over which to vary without being subject to 
overlap. At the acoustic level, this results in values which although more central than the 
most extreme values possible, are still higher or lower than the majority of consonantal 
locus values. For example, in the case of Iii, tokens which display F2 midpoint values of 
2000 Hz are centralised relative to tokens which display midpoint values in the region of 
2200 Hz. However, the only consonant likely to be characterised by a similarly high 
value is the palatal glide /j/. 
With respect to F 1, the larger independent durational effect observed for the the low and 
mid-low vowels (excepting hi) relative to the high and mid-high vowels may similarly be 
attributed to the fact that these vowels have a greater distance over which to vary 
without being subject to overlap. The lack of a significant durational effect for the mid-
low, back vowel hi may reflect its generally low variability in Fl midpoint value. The 
role of duration in conditioning vowel quality is further discussed in Chapters 6 and 7. 
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5.6 Summary 
In this chapter, vowels are compared with respect to the overall variability and patterns 
of variability they exhibit as a function of context. As predicted, schwa exhibits a higher 
overall degree of context-dependency than any of the full vowels. The high proportion of 
F 1 and F2 variance explained by context, the interaction of context effects through schwa 
and the high degree of differentiation in schwa midpoint values as a function of both 
preceding and following consonantal place of articulation strongly support the theory that 
/~/ is unspecified for tongue and jaw position. 
High variability and high levels of context-dependency are also displayed by /r/, lo/ and 
/u/. In the case of Ir/, the systematicity and interaction of context effects are such to 
suggest that it is also highly unspecified along Fl and F2. While results for lo/ and, to a 
lesser extent, /u/, also indicate a high degree of underspecification for F2, there is 
evidence of a target for Fl. In the case of both vowels, effects are less systematic than 
those observed for schwa and /r/. This may be attributable to variability in degree of lip 
rounding and to the interaction of effects due to variation in both tongue and lip position. 
In contrast to observations in the literature for Catalan (Recasens, 1991) and Ameri~an 
English (Syrdal & Gopal, 1986), the present data do not support the view that back 
vowels are generally less robust than front vowels. Rather, the results indicate a 
hierarchy of inherent robustness in which the peripheral vowels /i, a, a, J/ and /n/ show 
greater resistance to context effects than the more central vowels /1, E, 3, A, o/ and, in the 
present data, /u/. These results and their implications for an account of vowel reduction 
are discussed more fully in Chapter 7. 
131 
Figure 5. 1: Mean second formant trajectories for schwa - preceding/following context = palatal 
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Figure 5.2: Mean second formant trajectories for schwa - preceding/following context= velar 
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Figure 5.3: Mean second formant trajectories for schwa as a function of preceding 







































Figure 5.3: Mean second formant trajectories for schwa as a function of preceding 
consonant place of articulation (continued) 
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Figure 5.3: Mean second formant trajectories for schwa as a function of preceding 
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Figure 5 .4: Mean second formant trajectories for /i/ 
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Figure 5. 5: Mean second formant trajectories for /J/ 
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Figure 5.8: Mean second formant trajectories for hi 
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Figure 5.9: Mean second formant trajectories for /a/ 
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Figure 5.17: Mean first formant trajectories for schwa 
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Onset Midpoint Offset 
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Figure 5.26: Mean first formant trajectories for III 
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Figure 5.27: Mean first formant trajectories for /u/ 




































Figure 5.28: Mean first formant trajectories for /J./ - high deviation values 
5.28a: "V-shaped" 
--+- pal.fr-vel.n --- vel.n-api -A- alv.n-alv.n ---*-- alv.n-labd 
------ alv.n-lab.n __.__ alv.n-api -+- labd-pal.fr --- labd-lab.st 
lab.n-vel.n -+- lab.st-alv.n --- lab.n-alv.st -A- lab.n-alv.n 






































Figure 5.29: Second formant trajectories for schwa. 
f2 is plotted along the vertical axis. The horizontal axis represents normalised duration. The 
interval between 0 and 1 corresponds to the schwa vocalic interval. The mrpa symbols /i/ and loo/ 
denote Ii./ and /J/ respectively. 
5.29a: preceding contex1 =Ii./ 
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Figure 5.29: Second formant trajectories for schwa (continued). 
5.29b: preceding contex1 =hi 
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figure 5.30: Scatterplot of schwa F2 onset versus midpoint values. 
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Figure 5. 3 I: Scatterplot of IIJ F2 onset versus midpoint values 
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Figure 5.32: Scatterplot of /o/ F2 onset versus midpoint values 







































Figure5.33: Scatterplot of Iii F2 onset versus midpoint values 
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Figure 5.34: Scatterplot of /J/ F2 onset versus midpoint values 
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Figure 5.36: F2 mean onset/offset values as a function ofC1/C2 place of articulation -front vowels 
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Figure 5.37: F2 mean onset/offset values as a function of C1 /C2 place of articulation - back vowels 
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5.37b: mean offset values 
1800 









8 A 0 :> 
8 A 0 :> 
165 
Figure 5.38: F2 mean onset/offset values as a function of C1/C2 place of articulation-!::>/ & 131 
5. 3 8a: mean onset values 
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Figure 5. 3 9: F2 mean onset/offset values as a function of C1 /C2 place of articulation - /u/ & /u/ 
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Figure 5.41: F2 mean midpoint values as a function of C1/C2 place of articulation - back vowels 
5.4la: c1 
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Figure 5.42: F2 mean midpoint values as a function of C1'C2 place of articulation - fa/ & 131 
5.42a: c1 
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Table 5.2: Coefficient of variance values for Fl and F2 at vowel onset, 
midpoint and offset. 
Fl F2 
Vowel Onset Midpoint Offset Onset Midpoint Offset 
i 12.82 11.31 22.41 9.65 4.87 10.7 
a 16.09 6.22 17.92 15.07 5.85 15.15 
3 13.3 6.52 17.14 16.98 5.6 11.47 
Q 13.86 7.6 21.33 17.25 6.43 16.67 
J 15.98 7.23 25.47 27.22 10.06 25.55 
u 11.3 9.71 16.62 16.55 15.7 19.37 
I 15.2 13.94 18.07 14.45 12.81 15.25 
£ 14.04 8.86 19.88 15.75 9.68 15.61 
d 16.44 15.17 19.48 14.97 13.42 15.71 
A 15.49 9.63 20.18 18.76 9.16 15.53 
D 14.47 10.61 24.07 20.89 11.08 19.41 














































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Table 5.4: Separate set analysis: Regression results for Fl 
/J value 
V 1 mid 1 vi off2 c1 
cc dee .43 .. 
ccdcv .62 .. 
vcdcc .08·· .54 .. 
vcdcv .13· .49 .. 
cvdcc 1 .36 .. -.08 
cvdcc2 .55 .. -.09 
cvdcv 1 .35 •• . 14 
cvdcv2 .65 .. -.05 
1 V1 measured at the vowel midpoint 
2 V1 measured at the vowel offset 
c2 v2 
.51 .. 
.41 .. . 04. 
,34•• 
.37 .. . 09 .. 
.6t• 
.so·· 
.40 .. .11 
.37 .. .08 
Dur V 1dur 
.16·· 
.01· 
-.05 .18 .. 
. 01 .09•• 
.14•• .05 
.o9· .06 












** denotes significance at p < 0.01 and* denotes significance at p < .05 
Table 5.5: Separate set analysis: Regression results for F2 
P value R1 
V 1 mid 1 vi off2 c1 c2 v2 Dur V 1dur V2 dur 
cc dee . 60 .. .48 .. .04 .. .9039 
ccdcv . 54 .. .54 .. .02· .00 .01 .9350 
vcdcc .02 .4t• . 59 •• .05 .. .01 .9011 
vcdcv . 04. . 57 .. .54 •• -.01 .00 -.01 .02 .9107 
cvdcc1 . 50 .. .29. .69 •• -.09 .06 .6928 
cvdcc2 .65 .. .io· .45 .. .01 -.01 .8713 
cvdcv1 .36 .. -.20 .74 .. -.06 -.07 .04 -.07 .7328 





















Table 5.6: Regression results for F2 
'lhs' denotes preceding context, 'rhs', following context and 'dur', duration. 
B values which fail to attain significance at p < .0 I are italicized and emboldened 
R1 F-value qf IP value 
lhs rhs dur 
i .5294 246.77 658 .48 .32 .44 
I .8151 1980.19 1348 .62 .41 .17 
£ .6973 343.94 448 .52 .53 .18 
a .3685 63.22 325 .48 .40 .11 
d .9166 8057.98 2199 .57 .52 .02 
~ 
3 .6166 76.65 143 .68 .37 .OJ 
a .1119 6.69 181 .24 -.JO -.21 
A .5785 129.94 284 .71 .40 -.18 
:J .3770 50.22 249 .49 .05 -.46 
D .4449 91.63 343 .56 .18 -.43 
() .9024 283.53 92 .57 .49 -.16 
u .7569 210.64 203 .52 .53 .04 
Table 5.7: Regression results for Fl 
R1 F-value df P value 
lhs rhs dur 
i .3923 141.61 658 .45 .36 -.17 
I .6352 778.97 1342 .50 .46 .07 
£ .4209 109.02 450 .35 .46 .38 
a .3633 61.44 323 .50 .22 .54 
d .7372 2049.44 2192 .55 .43 .17 
3 .3818 29.43 143 .29 .31 .44 
a .1320 8.77 173 .31 .15 .23 
A .4355 72.77 283 .39 .33 .49 
:J .0650 5.76 249 .23 -.11 -.02 
D .3359 57.66 342 .41 .32 .32 
() .3428 16 92 .J3 .47 .22 
u .4514 55.69 203 .28 .52 -.J4 
' 
' 
Table 5.8: Pooled data analysis excluding extreme outliers: Regression 
results for F2. 'lbs' denotes preceding context, 'rhs', following context and 'dur', 
duration. p values which fail to attain significance at p < .01 are italicized and 
emboldened. 
R1 F-value df IP value 
lhs rhs dur 
I .5817 296.2 639 .51 .35 .44 
I .8963 3747.83 1301 .57 .50 .14 
£ .7284 394.24 441 .52 .57 .16 
a .3685 63.22 325 .48 .40 .11 
d .9463 12620.96 2121 .43 .51 .16 
3 .5240 51.75 141 .61 .36 .04 
a .1243 8.14 172 .24 -.19 -.19 
A .6179 146.6 272 .76 .44 -.11 
:J .3555 43.94 239 .52 .05 -.46 
D .5079 113.86 331 .61 .18 -.47 
0 .9024 283.53 92 .57 .49 -.16 
u .7740 228.35 200 .55 .50 .07 
Table 5. 9: Pooled data analysis excluding extreme outliers: Regression 
results for F 1. 
R1 F-value df p value 
lhs rhs dur 
j .5564 265.92 636 .50 .45 -.17 
I .7328 1194.72 1307 .53 .48 .08 
£ .4855 139.37 443 .40 .46 .42 
a .3608 59.27 315 .49 .21 .55 
d .8088 2984.25 2116 .57 .44 .15 
3 .3689 27.86 143 .27 .31 .44 
a .1320 8.76 173 .31 .15 .23 
A .3943 60.75 280 .36 .32 .49 
:J .0773 6.64 238 .24 .12 .02 
D .3510 60.02 333 .42 .32 .35 
u .3428 16 92 .13 .47 .22 



























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Table 5. 15: Two-way Anova results for F2, C1 place & manner of articulation 
Results are given for F2 at the vowel midpoint. 
C 1 place C 1 manner Interaction 
F-value df. p-value F-value df p-value F-value df. p-value 
i 16.26 101 .0001 17.39 101 .0000 3.44 272 
I 5.12 749 .0236 5.75 267 .0036 7.66 749 
£ 0.40 195 .5256 27.27 136 .0000 0.64 195 
a 6.39 69 .0014 21.04 68 .0000 3.24 162 
d 172.92 459 .0000 5.35 458 .0051 2.85 459 
3 14.24 13 .0023 1.38 86 .2572 0.94 86 
a 0.70 1 .4044 1.04 2 .3589 0.21 5 
A 64.48 56 .0000 1.14 56 .3284 1.73 56 
D 64.47 152 .0000 0.84 152 .4355 1.78 152 
:J 19.47 23 .0002 3.36 121 .0379 0.09 121 
u 1.29 62 .2599 2.33 62 .1057 0.08 62 
Table 5 .16: Two-way Anova results for F2, C2 place & manner of articulation 
Results are given for F2 at the vowel midpoint. 












F-value df. p-value F-value 4f. p-value F-value df p-value 
i 0.20 350 .6556 3.56 350 .0296 3.20 190 .0432 
I 9.52 160 .0024 0.32 160 .7245 6.60 818 .0014 
£ 2.85 265 .0925 2.83 265 .0608 1.04 265 .3562 
a 0.07 190 .7875 14.84 190 .0000 2.96 190 .0542 
d 231.17 836 .0000 9.09 837 .0001 5.29 1572 .0051 
3 7.36 101 .0078 0.33 101 .7210 1.56 101 .2155 
a 0.11 132 .7452 5.68 65 .0053 1.42 132 .2458 
A 0.34 196 .5601 5.56 196 .0045 2.98 196 .0529 
D 3.13 69 .0815 2.75 68 .0710 1.06 240 .3471 
:J 0.00 128 .9478 1.53 128 .2208 1.79 128 .1706 









































































































































































































































































































































































































































































































Table 5.18: One-way Anova results for Fl, C1/C2 place of articulation. 
Results are given for Fl at the vowel midpoint. 
CJ c2 
F-value df. p-value F-value df p-value 
i 4.31 7,272 .0002 1.51 7,482 .1609 
I 16.21 7, 611 .0000 8.71 7,527 .0000 
£ 4.02 7,416 .0003 4.79 6,446 .0001 
a 3.63 7,288 .0009 4.36 6, 319 .0003 
d 30.65 7, 1410 .0000 15.11 7, 793 .0000 
3 1.31 7, 132 .2506 0.55 7, 133 .7979 
a 1.46 7, 153 .1842 0.74 7, 169 .6382 
A 0.71 7,270 .6668 3.29 6,94 .0056 
D 1.97 7,307 .0590 3.20 6,32 .0142 
:J 1.21 7, 219 .3002 1.25 7,226 .2752 
u 3.84 6,88 .0019 1.76 5, 76 .1778 
u 1.1 7, 198 .3622 3.6 7, 148 .0013 
Table 5 .19: One-way Anova results for Fl, C1 /C2 manner of articulation. 
Results are given for Fl at the vowel midpoint. 
CJ c2 
F-value dj p-value F-value dj p-value 
i 13.41 5, 188 .0000 18.13 5, 167 .0000 
I 41.29 5,528 .0000 31.26 5,396 .0000 
£ 3.46 5,448 .0044 7.43 4, 413 .0000 
a 2.69 5, 321 .0211 3.47 3,322 .0085 
d 73.4 5,957 .0000 40.38 5,460 .0000 
3 1.24 5, 141 .2914 1.83 5, 16 .1644 
a .96 5, 171 .4465 5.13 4, 172 .0006 
A 4.05 5,281 .0014 9.27 3,237 .0000 
D .61 5,202 .6935 .78 3,233 .5069 
:J 3.22 5,247 .0078 3.63 5,247 .0034 
u 4.71 5, 63 .0010 1.54 4, 91 .1971 









































































































































































































































































































































































Table 5.21: Two-way Anova results for Fl, C1 place & manner of articulation. 
Results are given for Fl at the vowel midpoint. 
CJ place CJ manner Interaction 
F-value df p-value F-value df p-value F-value df p-value 
j 0.66 1, 109 .4188 18.98 2, 110 .0000 2.08 2,272 
I 0.57 1, 236 .4515 58.32 2,235 .0000 5.28 2, 745 
£ 1.65 1, 195 .2007 2.71 2, 195 .0689 2.89 2, 195 
a 3.26 1, 133 .0731 2.25 2, 133 .1094 0.34 2, 133 
d 8.38 1, 371 .0040 63.71 2,369 .0000 13.84 2,370 
3 1.38 1, 7 .2791 1.33 2,86 .2710 2.37 2,86 
a 0.12 1, 64 .7254 1.83 2,25 .1808 0.93 2,64 
A 0.02 1, 65 .8895 9.05 2, 124 .0002 0.75 2,63 
D 4.85 1, 151 .0292 1.59 2, 151 .2072 1.24 2, 151 
:J 0.04 1, 121 .8513 5.25 2, 121 .0065 00.74 2, 121 
u 5.33 1, 14 .0368 16.71 2, 15 .0002 01.64 2, 12 
Table 5.22: Two-way Anova results for Fl, C2 place & manner of articulation. 
Results are given for Fl at the vowel midpoint. 












F-value dj. p-value F-value df._ p-value F-value 4f. p-value 
j 5.05 1, 350 .0253 21.71 2,90 .0000 1.48 2,350 .2292 
I 9.66 1, 812 .0019 25.60 2, 199 .0000 1.51 2,812 .2207 
£ 17.34 1, 279 .0000 6.24 2,279 .0022 2.67 2,279 .0713 
a 1.82 1, 190 .1790 0.44 2, 190 .6466 2.37 2, 190 .0958 
d 2.57 1, 157~ .1090 30.54 2,828 .0000 6.53 2,827 .0015 
3 0.06 1, 100 .8112 4.73 2,46 .0135 0.89 2, 100 .4159 
a 1.82 1, 190 .1790 0.44 2, 190 .6466 2.37 2, 190 .0958 
A 0.86 1, 92 .3567 4.82 2,90 .0103 2.24 2, 196 .1095 
D 5.44 1, 44 .0244 0.15 2,45 .8591 1.39 2,239 .2499 
:J 0.00 1, 128 .9777 5.36 2, 128 .0058 0.75 2, 128 .4759 




Role of Stress in Conditioning Vowel Quality 
Introduction 
The reduced quality of unstressed vowels relative to stressed vowels (where stress refers 
to either lexical stress in isolated words and/or sentence stress in connected speech) is 
widely documented in the literature (Tiffany, 1959; Lindblom, 1963; Kozhevnikov & 
Chistovich, 1965; Delattre, 1969; Verbrugge & Shankweiler,1977; Gay, 1978; 
Harris,1978; Tuller, Kelso & Harris, 1982; Summers, 1987; Engstrand, 1988; Fourakis, 
1991). The precise nature of the reduction involved, however, remains unclear. 
Traditionally, vowel reduction has been equated with articulatory and acoustic 
centralisation, that is, with movement toward the central or neutral vowel position 
associated with schwa. For example, Tiffany (1959) claims that unstressed vowels are 
inherently more central than stressed vowels, that is, that they are characterised by less 
extreme articulatory and less distinctive spectral configurations than their stressed 
counterparts. Tiffany compared the American English vowels /i, r, e, £, ce, o, u, u, a, A, 
ar, au/ produced in isolation with the corresponding vowels produced in an /h-d/ context 
embedded in carrier sentences. Each /h-d/ word was produced both with and without 
emphatic stress. Tiffany notes a shrinkage of the overall acoustic vowel space from the 
isolated to the stressed to the unstressed condition: "vowels seem to move toward a 
neutral, or at least central point on the vowel diagram as they lose energy in context" 
(p. 314). 
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Lindblom ( 1963) rejects the notion of a separate specification for stressed and unstressed 
vowels and claims that the reduced quality observed for unstressed vowels is a 
consequence of their shorter duration and of mechano-inertial effects. Lindblom 
examined the effects of changes in sentence stress and speech rate on the durations and 
formant frequencies of the short Swedish vowels II, e, Y, re, a, e, :>, u/ in /b-b/, /d-d/ and 
/g-g/ contexts. For the stressed/unstressed comparison, the eve syllables were 
embedded in a carrier phrase which was varied in terms of word order and rhythm. The 
subject was asked "to project the rhythmic patterns of the carrier sentences onto a basic 
periodic beat played through headphones" (p. 1774). For the slow/fast rate comparison, 
the subject produced stressed repetitions of the eve syllables in time with a beat also 
indicated by periodic clicks over headphones, the rate of which was varied in steps from 
0.5 to 6.0 cps. 
Lindblom notes a similar relationship between vowel pairs produced at different rates of 
speech as between sententially stressed and unstressed pairs of vowels. Unstressed 
vowels and vowels produced at a fast rate of speech were both shorter in duration and 
reduced in quality compared with their stressed or more slowly produced counterparts. 
On the basis of these results, Lindblom argues that reduction in vowel quality is a 
consequence of the decrease in duration that accompanies a decrease in stress or an 
increase in rate and is caused by temporal overlap in the timing of motor commands to 
the articulators. The speaker's intention underlying the pronunciation of a given vowel is 
always the same (that is, the speaker always "aims" to produce a full, maximally distinct 
vowel) but, with an increase in rate or a decrease in stress, the articulators do not have 
time to reach the target configuration specified by one set of motor commands before 
they have to start moving in response to the next set of commands. Target undershoot at 
the articulatory level results in corresponding undershoot in the formant frequencies 
relative to the ideal spectral target. While undershoot may result in more central formant 
values, Lindblom argues that it may also result in values which are closer to the 
consonantal locus values and therefore further from the neutral or central position. In 
contrast to the traditional view, he thus equates reduction with contextual assimilation 
and not with articulatory/acoustic centralisation per se. 
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In subsequent studies following Lindblom ( 1963 ), it has been shown that vowel quality 
may vary independently of vowel duration. For example, a decrease in duration for 
unstressed vowels relative to the corresponding stressed vowels is not always 
accompanied by a reduction in vowel quality (Den Os, 1988; Fourakis, 1991). 
Conversely, a reduction in vowel quality may occur despite relatively long vowel 
durations (Nord, 1986). Nord's observations are based on lexically unstressed vowels 
produced in utterance-final position where relatively long durations were maintained 
despite reduced stress through the effects of pre-pausal lengthening. 
Evidence that variation in stress and rate involve different transformations of motor 
activity, producing differential articulatory and acoustic effects (Verbrugge & 
Shankweiler, 1977; Gay, 1978; Tuller, Harris & Kelso, 1982; Engstrand, 1988) also 
argues against Lindblom' s ( 1963) proposal that duration is the chief determinant of 
reduction. In an electromyographic study of lexically stressed and unstressed pairs of 
vowels produced at two different speaking rates, Tuller, Harris & Kelso (1982) found 
that an increase in stress was always accompanied by an increase in both the duration and 
peak amplitude of activity. With an increase in rate, however, three different patterns of 
muscle activity were observed, none of which involved decreases in both duration and 
peak amplitude. Tuller, Kelso & Harris' observations are based on four-syllable 
nonsense words of the form /JpipipJ, JpipibJ, JpepepJ, JpepebJ/ with stress placed 
on either of the two medial syllables, and on two-syllable nonsense words of the form 
/pipip, papap, pi pap, papip/ with stress placed on either the first or second syllable. 
The four-syllable nonsense words were read from a list while the two-syllable nonsense 
words were produced in a carrier phrase. 
At the acoustic level, Verbrugge & Shankweiler ( 1977) report larger differences in the 
spectral characteristics of vowels produced in /p-p/ syllables as a function of sentence 
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stress than as a function of speech rate. Similarly, in a study of CVCVC utterances of the 
form /kipap'/, /ki'pap/, lkapip'/, /ka'pip/ embedded in the carrier phrase "It's a 
again", Gay ( 1978) also notes that unstressed vowels, even when of a comparable 
duration, are "considerably reduced in FO, and somewhat reduced in overall amplitude 
and vowel colour with respect to their fast stressed counterparts" {p.228). Engstrand 
(1988) also reports an influence of stress but no influence of rate on the articulatory and 
acoustic properties of vowels in his data. Specifically, stressed vowels were found to be 
characterised by narrower oral tract constrictions and more extreme formant values than 
their unstressed counterparts. Engstrand examined the vowels /i, a, u/ embedded in the 
carrier phrase "saga p-p igen" ("to say p _p again"). Stress was systematically varied 
between the VCV syllable and the final syllable in the carrier phrase by instructing the 
subjects to pronounce them in a "topic" versus "comment" mode. 
Tuller, Harris & Kelso (1982) attribute the lack of a significant rate effect in their data to 
the fact that speakers have different strategies for effecting changes in rate. This may 
also account for the differential effects of rate and stress observed by Gay ( 1978) and 
Engstrand (1988). Kuehn & Moll (1976) have shown that while some speakers achieve 
an increase in speech rate by decreasing articulatory displacement (with a corresponding 
decrease in articulatory velocity), others increase rate by increasing articulatory velocity 
(with a corresponding decrease in the amount of undershoot). In addition to simply 
speeding up articulatory movements, speakers are also able to re-order the relative timing 
of successive gestures and so achieve an increase in speech rate by increasing the degree 
of temporal overlap between individual segments: " .. articulator movement toward the 
vowel target can begin earlier in time, that is, closer to the time of the initial consonant 
closure ... " (Gay, 1978, p. 226). Gay (1978) and Engstrand (1988) both report increased 
coarticulation between segments with an increase in speech rate. 
The fact that speakers appear to have some control over coarticulatory parameters 
indicates that vowel reduction is not simply an automatic consequence of a decrease in 
duration and of mechano-inertial effects. In recognition of this, Lindblom (1983, 1988, 
1990, 1992) revises his original undershoot hypothesis to include a compensatory 
mechanism whereby speakers are able to override duration-dependent undershoot 
through increased vocal effort and more forceful opening and closing gestures. 
However, he continues to hold to his original conviction that reduction reflects 
coarticulatory effects rather than the intention to produce a centralised vowel: 
"Reduction processes can be seen as contextual assimilations durationally induced, but 
within certain limits, speakers appear capable of controlling the precise degree of 
reduction" (Lindblom et al., 1992, p. 362). 
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An alternative account of vowel reduction which reconciles elements of both the 
traditional view and of Lindblom' s analysis, is an account in terms of phonetic 
underspecification. In line with Keating' s ( 1988, 1990) phonetic underspecification 
hypothesis, it is suggested here that unstressed vowels are inherently less fully or 
narrowly specified than their stressed counterparts. Thus, in accordance with the 
traditional concept, generally less extreme articulatory and less distinctive spectral 
configurations are predicted for unstressed compared with stressed vowels. However, in 
contrast to the traditional account and in keeping with Lindblom' s analysis, vowel 
reduction is not viewed as an independent process of articulatory and acoustic 
centralisation towards the centre of the vowel space. Rather, in view of the evidence 
presented in Chapter 5 that schwa is unspecified for Fl and F2 (see also Van Bergem, 
1994 and Kondo, 1995) and can therefore occupy almost any position in the vowel space 
depending on context, it is predicted that reduced vocal effort and less divergence from 
neutral in the case of unstressed vowels will result in greater contextual assimilation. 
(Here 'neutral' is used in an abstract sense insofar as it represents a notional starting 
point. While this may correspond to the neutral rest configuration in some instances, in 
many cases, it will represent an intermediate point on the trajectory between adjacent 
context segments.) 
The principal way in which this analysis differs from Lindblom' s revised undershoot 
hypothesis is with respect to the nature of the proposed underlying representations. 
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Lindblom posits an invariant target for both stressed and unstressed vowels with varying 
degrees of target undershoot depending upon the degree of vocal effort employed to 
override coarticulatory effects and with presumably less effort made in the case of 
unstressed vowels. The phonetic underspecification account assumes a separate 
specification for stressed and unstressed vowels which implies reduced vocal effort. In 
terms of the phonetic consequences, both models make the same prediction, i.e. increased 
contextual assimilation for unstressed vowels. 
Since the majority of studies following Lindblom (1963) which investigate the effects of 
stress on vowel quality focus on the proposed relationship between reduction and 
duration, relatively little attention has been paid to the question of how stress and context 
effects interact to influence vowel quality. In general, the results of these studies 
confirm longer durations, more extensive spatial movements and more extreme formant 
frequency values for stressed compared with unstressed vowels resulting in a global 
increase in the size of the vowel space for stressed vowels relative to unstressed vowels. 
Comparatively little evidence of differences in the extent oflocal context effects across 
stress conditions has been reported. However, this may be attributed to the fact that, 
with few exceptions, vowels are examined in CVC or VCV nonsense words using a 
restricted set of vowels and consonants. Given that vowel reduction forms part of the 
speaker's stylistic intent, the artificial nature of the speech material employed in these 
studies is also likely to inhibit effects. 
Notwithstanding the need for more extensive research, there is some evidence in the 
literature that unstressed vowels are more sensitive to context effects than stressed 
vowels. For example, Nord (1974) reports greater coarticulation for the Swedish vowels 
/a/ and le/ in unstressed compared with in stressed position. The vowels were examined 
in a /s-1/ frame either followed or preceded by an additional VC or CV syllable. Stress 
contrasts were obtained by producing the words with stress on either the initial or final 
syllable. In addition to consonant-to-vowel effects, unstressed /a/ was also found to be 
more sensitive to the influence of a following stressed vowel (see also Nord, 1986). 
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Fowler ( 1981) also reports larger vowel-to-vowel coarticulatory effects for unstressed 




sequences. The tri-syllabic sequences were read 




were stressed and the medial vowel unstressed 
(as in "misinform"). In the second list the reverse pattern obtained whereby yt and y3 
were unstressed while the medial vowel was stressed (as in "deliver"). Fowler explains 
her results in terms of the co-production of stressed and unstressed vowels: 
coarticulatory effects of stressed on unstressed vowels may signify that the talker 
subsumes the production of unstressed vowels within the domain of the production 
of a preceding vowel, and, to a lesser extent, relative to the beginning phases of a 
following vowel (p. 137). 
Interestingly, she observed contextual variation only in the case of F2. However, while 
there was no influence of adjacent vowels on the Fl values for I Al, there was a significant 
influence of stress, with the stressed tokens showing higher F 1 values than the unstressed 
tokens. Similar global effects on Fl as a function of stress have also been noted by 
Lisker (1984), Summers (1987) and Van Son (1993). 
In an acoustic study of rate and stress effects, Fourakis (1991) examines the nine non-
retroflex American English monopthongs in /b-d/ and /h-d/ contexts embedded in two 
carrier phrases: "I will say kay_ again" and "I will say KAY_ again". In the first of 
these, subjects were instructed to pronounce the disyllabic compound with main stress on 
the second syllable while in the second, subjects were instructed to pronounce the 
compound with main stress on 'KAY'. Fourakis found that context exerted a greater 
influence on the spectral characteristics of vowels at the individual token level than either 
rate or stress, despite the fact that only two consonsonantal frames were used and that 
these furthermore are assumed to interfere minimally with vowel articulation. In terms 
' ' 
of the overall vowel space, the reverse trend was noted. While no variation in the size of 
the vowel space occurred as a function of context, a reduction of 30% was observed in 
the fast, unstressed condition relative to the slow, stressed condition. Because the 
shrinkage of the vowel space did not result in a loss of acoustic contrast between vowels, 
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F ourakis concludes that phonetic vowel reduction is not conditioned by rate or stress. 
However, what F ourakis does not take into consideration and which is implicit in the 
undershoot hypothesis, is that the effects of stress and context may be additive. The 
overall shrinkage in the vowel space he observes for fast, unstressed vowels relative to 
slow, stressed vowels is consistent with the view that unstressed vowels are characterised 
by less extreme articulatory and spectral configurations. The reason this was not 
accompanied by a loss of acoustic contrast between individual vowels may be attributable 
to the fact that only two contexts were examined. While formant values may display a 
shift in the /b-d/ frame relative to the /h-d/ frame, the direction of the shift is likely to be 
the same for all vowels in which case the relative distance between vowels is unlikely to 
be affected. 
In addition to the questions of whether and how far stress and context effects interact to 
influence vowel quality, there is also the question of whether stress affects all vowels to 
the same degree or whether some vowels show relatively greater shifts in value as a 
function of stress than others. Again, there is little comparative data in the literature 
since the majority of studies which investigate stress effects on vowel quality examine 
only a restricted number of vowels. 
Assuming that degree of reduction is inversely related to duration, relatively greater 
reduction in quality and consequently a greater overall difference in amount of 
coarticulation between stressed and unstressed conditions might be expected for the long 
vowels /a/, 131, /JI and /a/ compared with the short vowels /I,£, A, o/. This prediction is 
made in accordance with Klatt' s ( 1973, 197 5, 197 6) proposal that there is an 
"incompressibility" limit on segmental durations such that inherently short segments are 
more resistant to shortening as a function of factors such as stress and rate than 
inherently long segments. 
However, while the long vowels may show greater absolute shortening than the short 
vowels the evidence also indicates that the percentage changes in duration remain the 
' 
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same across vowels (Peterson & Lehiste, 1960; Klatt, 1973) .. Thus, given that the 
relative degree of shortening is the same for all vowels, the relative degree of 
coarticulation shown by different vowels might also be expected to remain constant 
across stress conditions. In other words, the pattern across vowels with respect to which 
vowels show most sensitivity to context is not expected to change as a function of stress, 
only the relative magnitude of coarticulatory effects within each vowel category. 
In the following analysis, the role of sentence stress and, more importantly, the 
interaction of sentence stress and context in determining vowel quality is examined. 
Sententially stressed and unstressed vowel tokens are compared in terms of the overall 
variability and the patterns of variability they exhibit with respect to the following 
questions: 
(a) How variable are unstressed vowels in comparison with stressed vowels? 
(b) Are unstressed vowels more sensitive to context than stressed vowels? 
( c) Do some vowels show relatively greater shifts in vowel quality as a function of 
sentence stress than others? 
( c) Is the hierarchy of vowel robustness evident in Chapter 5 preserved across stress 
conditions? 
The role of sentence stress in determining vowel quality is investigated in the light of the 
hypothesis that unstressed vowels are more susceptible to coarticulatory effects than 
stressed vowels because they are less narrowly specified. If this analysis is correct, 
unstressed vowels are expected to show greater overall variability and greater overall 
context-dependency than their stressed counterparts. 
6.1 Data 
All vowel tokens were hand-labelled for sentence stress using both aural and visual cues. 
Perceptual judgements were supplemented by reference to visual displays of vowel 
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duration, vowel amplitude and pitch movement. Three levels of sentence stress were 
assigned: 'nuclear accented', 'non-nuclear accented' and 'unaccented'. The first level of 
stress was assigned to lexically stressed vowels which were judged to bear nuclear 
accents, the second level to all other lexically stressed vowels also judged to bear 
sentence stress. Unaccented vowels represent all vowels that were unaccented but which 
were nevertheless considered to be unreduced. 
Vowels were marked for sentence stress as opposed to lexical stress on the grounds that 
while all lexically stressed vowels carry the potential for sentence stress, they do not 
always receive it when produced in fluent speech. As Lehiste ( 1970) writes: 
It is probable that word-level stress is, in a very real sense, an abstract quality: a 
potential for being stressed. Word-level stress is the capacity of a syllable within a 
word to receive sentence stress when a word is realised as part of the sentence. 
The degrees of stress of other syllables within the word are usually predictable by 
rules and are therefore non-contrastive. The fact that not all syllables that are 
perceived as stressed are associated with peaks of subglottal pressure supports the 
idea that what is realised phonetically is sentence-level stress rather than word-
level stress. In other words, our knowledge of the structure of the language 
informs us which syllables have the potential for being stressed; we 'hear' the 
underlying phonological forms. (p. 237) 
The number of tokens within each stress condition (henceforth referred to as 'accent 
condition') for each vowel is given in Table 6.1. The percentage of nuclear and non-
nuclear accented compared with unaccented tokens is also shown graphically in Figure 
6.1. The comparatively high ratio of unaccented to accented tokens evident for III, /u/, 
and /i/, reflects the relatively high occurrence of these vowels in grammatical compared 
with in lexical items. 
The preceding and following contexts for each vowel in each accent condition are listed 
in Tables 6.17:18. The proportional distribution of contexts is also shown in Figures 
6.16:26. Place and manner categories are abbreviated as before (see section 5.1). 
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Henceforth all references to 'stress' are references to sentential stress as opposed to 
lexical stress. 
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The mean values and standard deviations for duration and for FI and F2 midpoint values 
for each vowel for each accent condition are shown in Tables 6.1:3. To test for global 
effects of sentence stress on each parameter, one-way analyses of variance and Tukey 
multiple pairwise comparison of means tests were performed (see section 5.3). The 
results of the analyses of variance are presented in Tables 6.4:6. 
6.2.1 Duration 
The mean durations for each vowel, for each accent condition are also shown graphically 
in Figure 6.2. In addition, the degree of shortening for each vowel across accent 
conditions is plotted in Figure 6.3. This was calculated by dividing the difference in mean 
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duration between the two accent conditions being compared (i.e. nuclear accented versus 
unaccented) by whichever mean duration is the highest and multiplying the result by 100. 
In accordance with the literature, the present data shows a significant main effect of 
sentence stress on vowel duration for all vowels, with longer durations accompanying 
increased stress. With the exception of /u/, nuclear accented tokens are significantly 
longer in duration for all vowels than either the corresponding non-nuclear accented or 
unaccented tokens. The greatest difference in mean duration between nuclear accented 
and unaccented tokens occurs for /u/ and /i/ (40% and 34% respectively) followed by lo/ 
and /II (27%). The remaining vowels show a comparable degree of shortening. The 
greatest difference in mean duration between nuclear and non-nuclear accented tokens 
occurs for /u/, 13/, hi and /II. In the case of /u/, there is no difference in duration 
between nuclear and non-nuclear accented tokens. For the vowels /i, 1, n, o, u/, there is 
also a significant difference in the duration of non-nuclear accented compared with 
unaccented tokens, the accented tokens predictably showing longer durations. Most 
difference occurs for lo/ (25%) and /n/ (23%). The remaining vowels /r., a, a, A, J, 3/ 
show no significant durational difference between non-nuclear accented and unaccented 
tokens. 
Individual differences in the relative amount of shortening with a decrease in stress 
predictably result in differences in the durational hierarchy across accent conditions. In 
the accented (combined nuclear and non-nuclear) condition, /i/ and /u/ tokens show 
comparable durations to /a/ tokens and significantly longer durations than the short 
vowels /f:./ and I tJ. In the case of /i/, the difference is significant at p < .001. The 
difference in duration between /u/ and Ir.I is significant at p < .01 and the difference in 
duration between /u/ and /tJ, significant at p < .05. Accented /u/ tokens also show 
significantly longer durations than accented /n/ tokens (p < .05). In the unaccented 
condition however durations for Iii and /u/ are significantly shorter than durations for 
' ' 
/a/ (p < . 00 I) and comparable to those for /n/, Ir.I and I tJ. 
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Other differences include significantly longer durations for /a/.in the accented condition 
compared with 131 (p < .01) and /J/ (p < .001). Unaccented /a/, hi and /J/ tokens show 
no significant durational difference. Accented /n/ tokens also show significantly longer 
durations than accented IE/ (p < .05) and /Al tokens (p < .01). However, there is no 
durational difference between unaccented /n/, IE/ and / tJ tokens. 
Nuclear accented /u/ and /i/ tokens show significantly longer durations than nuclear 
accented IE! and /Al tokens (p < .001). However, in the non-nuclear accented condition, 
there is no significant difference in duration for /i/ tokens compared with /n/ tokens or for 
Jul tokens compared with /n, E, tJ tokens. 
Overall, there is, predictably, greater durational overlap for unaccented tokens than for 
accented vowel tokens. Vowels also show greater overlap in the non-nuclear accented 
compared with in the nuclear accented condition. However, differences in the ranking of 
vowels across accent conditions chiefly concerns the vowels of intermediate duration 
/i, u, n, E, Ai. The durational hierarchy is preserved with respect to which vowels show 
the longest and which show the shortest durations. The tense vowels /a/, hi and /J/ 
show the longest durations in all three conditions while /u/ and /Ii consistently show the 
shortest durations. The long, lax vowel /a/ is also characterised by longer durations 
within each accent condition than the short vowels /n/, IE/ and I Al. 
6.1.2 F2 
There is a significant main effect of sentence stress on F2 midpoint values in the case of 
the vowels /i, r, A, n, J, u, u/. All pairwise comparisons between nuclear accented, non-
nuclear accented and unaccented values are significant for Iii at p < . 01, with nuclear 
accented tokens displaying the highest midpoint values and unaccented tokens, the lowest 
midpoint values. In the case of hi, the difference in F2 value between nuclear accented 
and unaccented tokens is significant at p < . 001, lower values being obtained for the 
accented tokens. Midpoint values also tend to be lower for nuclear compared with non-
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nuclear accented /J/ tokens although the difference only reaches significance at p < . 1. 
For each of the other vowels, there is no distinction between nuclear and non-nuclear 
accented tokens. In the case of I Al, F2 values are generally lower for accented than for 
unaccented tokens. However, the difference in value only attains significance for non-
nuclear accented compared with unaccented tokens (p < .01). For /o/ and /u/ there is a 
small difference in F2 midpoint value between nuclear accented and unaccented tokens 
(p < .1). The difference between non-nuclear accented and unaccented tokens is also 
significant at p < .1 in the case of /o/ and at p < .01 in the case of /u/. Unaccented /o/ 
tokens display higher values than the corresponding accented tokens while unaccented 
/u/ tokens display lower values than their accented counterparts. There is also a 
tendency for values to be lower for unaccented compared with nuclear accented /r./ 
tokens (p < . 1). There is no significant difference in F2 value between non-nuclear 
accented and unaccented tokens in the case of II, £, a, 3, a, A, J/. 
6.2.3 Fl 
Sentence stress has a greater overall effect on FI than on F2. The only vowel which does 
not show a significant difference in Fl midpoint value as a function of stress is /JI. In 
the case of I Al, all pairwise differences are significant at either p < . 00 I (nuclear accented 
versus unaccented) or at p < .05. There is no significant difference between non-nuclear 
accented and unaccented tokens for /i, I, £, a, o/. However, in each case, there is a 
significant difference in value between nuclear accented and unaccented tokens. Nuclear 
accented Iii tokens are characterised by lower Fl values than the corresponding 
unaccented tokens. For each of the other vowels, nuclear accented tokens display higher 
values than their unaccented counterparts. These vowels also display a significant 
difference in value between nuclear and non-nuclear accented tokens, although in the 
case of Iii, the difference is only significant at p < .1. For /a/ and /o/, nuclear and non-
nuclear accented tokens are characterised by higher values than unaccented tokens while 
for /u/ unaccented tokens display higher values than the corresponding nuclear and non-
nuclear accented tokens. There is, however, no difference in value between tokens in the 
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two accented conditions. In the case of 131, non-nuclear accented tokens display lower 
values than nuclear accented tokens (p < .001). There is no difference in value between 
either nuclear accented or non-nuclear accented 13/ tokens compared with unaccented 13/ 
tokens. 
6.3 Distribution of formant values 
In order to compare accented and unaccented vowel tokens with respect to the overall 
variability they exhibit, formant values, sampled at the durational vowel midpoint and 
converted to a Mel scale, were plotted in Fl-F2 acoustic space. Ellipses were drawn to 
two standard deviations round the data points. The area of the ellipse thus provides an 
index of the combined variance along Fl and F2 for each vowel. Figures 6.4:6.10 show 
the distribution of values for tense and lax vowels plotted separately as a function of 
accent condition. In view ofits long inherent duration and acoustic stability, the long, lax 
vowel /a/ is included in the tense vowel set. In Figures 6.4 and 6.5, nuclear and non-
nuclear accented tokens are combined. In each figure, vowel tokens are pooled across all 
contexts. Comparative measures of the relative size of each ellipse are given in Table 
6. 5. These represent the overall area of each ellipse scaled down by a factor of four. 
The degree of shrinkage in ellipse size as a function of bearing a nuclear compared with a 
non-nuclear accent and of bearing an accent (nuclear and non-nuclear combined) 
compared with no accent is also shown. This was obtained by expressing the smaller 
ellipse for each pairwise comparison as a percentage of the area of the larger ellipse and 
subtracting it from I 00. The reduction in overall variability for each vowel as a function 
of stress is also plotted in Figure 6. 13. The coefficient of variance values for each 
formant dimension are given in Table 6.6. They are also represented graphically in 
Figure 6. 13. 
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6.3. l Size and orientation of ellipses 
6.3.1. l Size of overall vowel space 
In both tense and lax vowel sets, accented tokens display a tighter clustering of values 
than the corresponding unaccented tokens. With the exception of 131, the tense vowels 
are also characterised by more peripheral values when accented than when unaccented. 
As the results of the pairwise comparison of means tests demonstrate (see section 
6 .1. 3: 4 ), accented Iii and /u/ tokens generally display higher F2 and lower FI values than 
unaccented Iii and /u/ tokens. Accented hi tokens are generally characterised by lower 
F2 values than their unaccented counterparts while /a/ and /a/ show generally higher Fl 
values when accented than when unaccented. In the case of IV Jul and /a/ the 
' ' 
difference in FI reflects a difference between the nuclear accented and unaccented 
tokens. There is no difference between non-nuclear accented and unaccented tokens for 
these vowels. In the case of /a/, Fl is higher for both nuclear and non-nuclear accented 
compared with unaccented tokens. 
The accented /3/ tokens occupy an area at the centre of the distribution of the unaccented 
131 tokens. There is no difference in formant frequency value between the combined 
accented and unaccented tokens. However, nuclear accented tokens are characterised by 
higher FI values than unaccented tokens. 
In contrast to the tense vowels, the overall vowel space for lax vowels is smaller for the 
accented compared with the unaccented tokens, the accented tokens being located more 
centrally within the distribution of the corresponding unaccented tokens. However, there 
is a tendency for I A/ and /n/ to show lower F2 values and higher F 1 values when accented 
than when unaccented. Ir.I and 1£1 also show higher FI values in stressed compared with 
in unstressed position. 
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6.3.1.2 Direction of spread 
Ellipses show a similar orientation across accent conditions in the case of the vowels 
Ii, a, 1, £, u, o, "JI, with Iii, lal and III displaying greater variability along Fl than along 
F2 and the remaining vowels displaying comparatively greater F2 variability. Unaccented 
la/ tokens are more variable along Fl than along F2 while nuclear and non-nuclear 
accented la/ tokens show greater F2 variability. In the case of I Al, unaccented tokens 
show greater variability along F2 while nuclear and non-nuclear accented tokens are 
more variable along Fl. For hi and lnl, the nuclear accented and unaccented tokens 
pattern together showing greater variability along F 1 in the case of hi and greater 
variability along F2 in the case of lnl. 
6.3.1.3 Overall variability 
With the exception of hi, unaccented tokens show greater variability than either nuclear 
or non-nuclear accented tokens for all vowels. In the case of hi, non-nuclear accented 
tokens are slightly more variable than unaccented tokens. Non-nuclear accented tokens 
also show a larger combined variance than nuclear accented tokens in all cases except 
Ii,£, a, u/. For Iii and 1£1, the difference in ellipse size between the two accented 
conditions is relatively small. In the case of la/, the difference is largely accounted for by 
greater Fl variability, and for lul, greater F2 variability, for nuclear compared with non-
nuclear accented tokens. 
As Figure 6. 13 demonstrates, I Al and Joi show the greatest difference in overall 
variability between the combined accented and the unaccented condition, followed by the 
tense vowels /3/, hi and I al. The large difference in overall variability for combined 
accented compared with unaccented hi, hi and la/ tokens is largely accounted for by the 
difference in variability between nuclear accented and unaccented tokens. In the 
comparison between non-nuclear accented and unaccented tokens, lnl and lul show the 
greatest reduction in overall variability followed by I Al and lo/. hi shows the least 
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difference in overall variability between the non-nuclear accented and unaccented 
condition after lf:J. If:./ shows the least difference in ellipse size across accent conditions. 
Despite individual differences between vowels with respect to the amount of reduction in 
variability they show with an increase in stress, with the exception of /u/, the tense 
vowels as a set display lower overall variability within each accent condition than the lax 
vowels. /3/ displays the lowest combined variance in the nuclear accented and 
unaccented conditions, followed by /al. In the non-nuclear accent condition, /3/ displays 
the lowest combined variance after /a/ and /ii. In the unaccented condition /o/ and /n/ 
' 
display the highest overall variability following /I/. /Ii shows the greatest overall 
variability within each accent condition. 
6.3.2 Degree of overlap 
Percentage figures for the degree of overlap between vowel categories within the 
combined accented and the unaccented conditions are given in Tables 6.9: 10. For each 
pairwise comparison, these represent the number of tokens for each pair member that fall 
within the ellipse of the other pair member, expressed as a percentage of the total number 
of tokens for both pair members. The degree of overlap between each full vowel and 
schwa for each accent condition is also given. 
As Tables 6.7:8 demonstrate, the tighter clustering of values observed for accented 
compared with unaccented tokens predictably results in greater overall separability 
between individual vowel categories. For both tense and lax vowels, the accented tokens 
are more distinct as a set than the unaccented tokens. In the case of the tense vowels, the 
only overlap among accented tokens occurs between Iii and /u/ (5%) and between /a/ 
and I al (I%). The degree of overlap between these vowels increases in the unaccented 
condition to 33% and 2% respectively. The number of unaccented vowel pairs that 
overlap also increases to include /u/-13/, /u/-/J/, 131-/al, 13/-/J/ and /J/-/al. 
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The difference in the degree of overlap across accent conditions is most marked in the 
case of the lax vowels. For example, the high percentage of overlap between/ Al and /o/ 
tokens in the unaccented condition ( 60%) reduces to 24% in the accented condition. 
Large differences in amount of overlap as a function of stress are also evident for the 
following pairs: /J./-/o/, Ir:./-/ Al, /r:./-/n/, /n/-/u/. The degree of overlap between lax vowels 
and schwa is also predictably less for accented tokens compared with unaccented tokens. 
The tighter clustering of accented vowel tokens within both the tense and lax sets also 
results in a lesser degree of overlap between tense-lax pairs of vowels. The greatest 
difference in amount of overlap as a function of stress occurs for /o/ and /u/, Ir:./ and /3/ 
and /A/ and 13/. Stress makes little difference in the case of the tense-lax pair /a/-/A/. 
This reflects the fact that the generally high degree of overlap between I al and I Al is 
attributable to the inherent spectral similarity of these vowels rather than to contextual 
variability. 
6.4 Overall context-dependency 
The overall degree of context-dependency shown by accented and unaccented tokens for 
each vowel category was assessed in a series of multiple regression analyses. As in the 
case of the regression analyses in Chapter 5, the dependent variable was F 1 or F2 
sampled at the durational vowel midpoint. The predictor variables were preceding 
context (lhs), following context (rhs) and vowel duration (dur). Results are presented in 
Tables 6.9: 13. The proportion of explained variance for each vowel in each accent 
condition is also represented graphically in Figure 6.15: 16. 
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6.4.1 F2 
6.4.1.1 Total proportion of explained variance 
In the combined accented versus unaccented comparison, a significant difference in the 
total proportion of explained F2 variance for accented compared with unaccented tokens 
is obtained in the case of all vowels except hi, Ir.I and la/. The amount of difference 
varies across vowels and is greatest, in descending order, for: lnl and lu/ (25% ), hi 
(23% ), la/ (19% ), I Al (11 % ). The front vowels Iii and II./ show the least difference 
across accent conditions (5%). Consequently, the rank ordering of vowels with respect 
to the total amount of context-dependency shown, differs for the accented compared 
with the unaccented condition. In the case of lu/, lnl and I Al, the difference is in the 
expected direction, resulting in unaccented tokens occupying a relatively higher position 
in the ranking of vowels from most to least context-dependent than the corresponding 
accented tokens. In the case of hi, however, the opposite trend is apparent with 
accented tokens displaying a higher R2 value than their unaccented counterparts. (hi 
also shows a higher R 
2 
value for accented compared with unaccented tokens but the 
difference is not significant.) The relatively large difference in amount of context-
dependency shown by la/ has little effect on its rank position. For both accent 
conditions, it numbers among the three vowels which show the least overall context-
dependency. 
For the remaining vowels, there is comparatively little difference in the relative amount of 
context-dependency shown by each across accent conditions. In all cases, unaccented 
tokens show greater context-dependency than accented tokens. The lax vowels II./, lol 
and Ir.I and the tense vowel lu/ display the highest R2 values and la/, the lowest R2 value 
in both accent conditions. 
The only vowels to show a significant difference in amount of context-dependency for 
nuclear accented compared with non-nuclear accented tokens are II./, l:JI and lnl. In each 
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case, the difference is in the expected direction with non-nuclear accented tokens 
showing greater context-dependency than nuclear accented tokens. For/-;)/ and /n/, the 
difference serves to alter their position in the rank ordering of vowels with respect to 
which shows the greatest context dependency. In the case of /I/, however, there is no 
change in its ranking. In both nuclear and non-nuclear accented conditions it shows the 
' 
highest levels of context-dependency after /u/. 
The results for non-nuclear accented compared with unaccented tokens shows that the 
difference between the combined accented /a/ tokens and their unaccented counterparts is 
due to a difference between nuclear accented and unaccented tokens. There is no 
significant difference for this vowel between the non-nuclear accented and the 
unaccented condition. Similarly, there is no significant effect of bearing a non-nuclear 
accent compared with no accent in the case of la/. Otherwise, all vowels display 
significantly higher levels of context-dependency for unaccented compared with non-
nuclear accented tokens. All vowels with the exception of Ir.I, 131 and/-;)/, show a 
significant difference in context-dependency between nuclear accented and unaccented 
tokens. 
6.4.1.2 Directionality of effects 
In the combined nuclear and non-nuclear accented group, following context makes no 
significant contribution to the F2 prediction for la/, In/ or/-;)/. In the case of /I/ and /r./, it 
accounts for a higher proportion of the variance than preceding context. There is no 
difference in the directionality of effects for Iii. In all other cases, carryover effects 
exceed anticipatory effects although for /a/ the difference in directionality is marginal. 
In the unaccented group, /u/ and /u/ display relatively greater anticipatory than carryover 
coarticulation. The directionality of effects is comparable for Ir.I, otherwise carryover 
effects exceed anticipatory effects. Again, there is no significant contribution of 
following context for /al or hi. With the exception of Ir.I, In/ and /u/, the difference in 
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the relative strength of anticipatory compared with carryover effects is most marked in 
the unaccented condition. 
The directionality of effects for nuclear accented compared with non-nuclear accented 
tokens show a similar pattern except that following context accounts for a relatively 
greater amount of the variance in /i/, Ir.I and /u/ in the nuclear accented than in the non-
nuclear accented condition. 
6.4.1.3 Duration 
Among the combined nuclear and non-nuclear accented tokens, duration uniquely 
accounts for the highest proportion ofF2 variance in the case of Iii and accounts for 
more of the F2 variance than following context in the case of hi and /n/. It also makes a 
significant contribution to the prediction for III, Ir.I, /al and /u/. It has no significant 
effect on the F2 equation for 131, la/, I Al or /u/. 
The relative importance of duration to the prediction for /i/ diminishes in the unaccented 
condition and is displaced by preceding context. However, it continues to account for a 
significant proportion of the F2 variance and a greater proportion of the variance than is 
uniquely accounted for by following context. Duration continues to make a greater 
contribution to the variance in F2 than following context for both /J/ and /n/. It also 
uniquely accounts for more variance than following context in the case of la/. It 
continues to make a significant contribution to the prediction for III, Ir.I and /u/ although 
this is smaller than either the effects of preceding or following context. There is also a 
significant effect of duration for I Al which was not evident in the accented condition. It 
makes no significant contribution to the prediction in the case of 131, /al or /u/. 
The relative weighting of the contribution made by duration varies across the two 
accented conditions. The significant effects of duration observed for Ir.I, /al and /u/ 
tokens in the combined accented condition reflect significant effects for non-nuclear 
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accented tokens only. There is no significant effect of duration for nuclear accented /r./ 
' 
/a/ or lo/ tokens. The relative influence of duration on the prediction for /ii is also 
diminished in the nuclear accented relative to the non-nuclear accented condition 
although it continues to make a significant contribution. In addition, there is also a 
significant effect of duration for I Al in the non-nuclear accented condition which is not 
evident for the corresponding nuclear accented tokens. 
6.4.1.4 Interaction of context effects 
For both the accented and unaccented tokens, a significant interaction of context effects 
is only evident in the case of /i/ and /r/. Accented /i/ tokens, show a small correlation 
between onset and offset value, r=. 031 which is significant at p < . 00 I . The 
corresponding unaccented tokens show a stronger correlation, r=.168 which is significant 
at p < . 0001. The difference in the strength of the correlation for accented and 
unaccented tokens is significant at F(2, 660) = 3.36, p < .035. In the case of III, accented 
tokens show a correlation of r=.149 (p < .02) which increases in the unaccented 
condition to r=.441 (p < .0001). The difference in the strength of the correlation across 
accent conditions is also significant at F(2, 1354) = 16.41; p < .0001. 
6.4.2 Fl 
6.4.2.1 Total proportion of explained variance 
There is no significant difference in the amount of explained Fl variance for combined 
accented compared with unaccented tokens in the case of /r., 3, a, J/. All other vowels, 
with the exception of lo/, show a significantly higher proportion of explained Fl variance 
for unaccented compared with accented vowel tokens. The difference in the overall R2 
value across accent conditions is greatest in the case of /u/ (50%), la/ (34%), /n/ (29%) 
and /I/ (24%). The difference is less although still significant for /i/ (17%) and /A/ (9%). 
In the case of lo/, accented tokens display a higher R2 value than their unaccented 
counterparts. 
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For /u/, III and I Al, the difference between accented and unaccented tokens reflects a 
difference between the nuclear accented and unaccented conditions. For these vowels, 
there is no difference in overall context-dependency between non-nuclear accented and 
unaccented tokens. Similarly, the absence of a significant effect for accented compared 
with unaccented I al tokens reflects the lack of a significant difference between non-
nuclear accented and unaccented tokens since nuclear accented /a/ tokens show a 
significantly lower level of context-dependency compared with unaccented /a/ tokens. 
6.4.2.2 Directionality of effects 
In the combined accented group, carryover effects exceed anticipatory effects in the case 
of /a/, /A/, lo/ and /o/. For the other vowels, anticipatory effects are dominant. Among 
the unaccented tokens, following context accounts for a higher proportion of the 
variance than preceding context in the case of /o/ and /u/. Otherwise, carryover effects 
predominate. 
There are some differences in the directionality of effects between the two accented 
conditions. Following context makes a slightly greater contribution to the variance in 
nuclear accented /ii tokens than preceding context. The opposite applies in the case of 
non-nuclear accented /i/ tokens. There is also less difference in the directionality of 
effects for non-nuclear accented compared with nuclear accented /ii tokens. Following 
context makes no significant contribution to the prediction for /a/ in the nuclear accented 
condition however it does have a significant effect in the non-nuclear accented 
' ' 
condition. In the case of la/, there is no significant effect of preceding or following 
context for non-nuclear accented tokens. However, there is a significant carryover effect 
for nuclear accented tokens. Preceding and following context account for comparable 
amounts of variance in /o/ in the nuclear accented condition although following context 
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accounts for no variance in non-nuclear accented /n/ tokens. In the case of /u/, there is 
no significant effect of either preceding or following context for nuclear accented tokens. 
For non-nuclear accented tokens, however, there is a significant effect of both preceding 
and following context with preceding context making the greatest contribution to the 
variance. There are no carryover effects for /u/ within either of the accented conditions. 
The directionality of effects for I tJ is comparable for both nuclear and non-nuclear 
accented tokens with preceding context accounting for slightly more of the variance than 
following context in the case of the non-nuclear accented tokens. These differences in 
the relative magnitude of carryover and anticipatory effects between accent conditions 
may be attributable, in part, to differences in the frequency distribution of contexts for 
each condition. 
6.4.2.3 Duration 
In the accented condition, duration makes a significant contribution to the Fl prediction 
for all vowels except /rJ, la/, /JI and /u/. It uniquely accounts for the highest proportion 
of F 1 variance in the case of /3/ and I Al and makes a greater contribution to the overall 
variance than following context in the case of /a/ and /n/. It also uniquely accounts for 
more variance than preceding context in the case of Ir.I. For the unaccented tokens, 
duration accounts for the highest proportion of Fl variance in /a/ and /3/. It also makes 
a greater contribution to the F 1 prediction than following context for la/ and I Al. It 
makes no significant contribution in the case of /J/, /u/ or /u/. 
As in the case of F2, the relative importance of duration to the equation for FI varies 
across the two accented conditions. Most notably, whereas duration contributes most of 
all the predictors to the variance in nuclear accented /n/ tokens it makes no significant 
contribution to the variance in non-nuclear accented /n/ tokens. The relative importance 
of duration is also diminished in the non-nuclear accent condition relative to the nuclear 
accent condition in the case of /3/, /Ai, Ir.I and /u/. In the case of /a/, duration makes the 
highest contribution to the prediction for non-nuclear accented tokens. In the nuclear 
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accented condition, it accounts for more of the variance in /a/than following context but 
not more than preceding context. 
6.4.2.4 Interaction of context efTects 
III is the only vowel to show a significant interaction of effects for either accented or 
unaccented vowel tokens. The correlation between Fl onset and offset value for 
unaccented tokens of r=. 403 (p < . 000 I) is stronger than the correlation for accented 
tokens (r=.161, p < .01). The difference is also significant at F(2, 1534) = 20.99, 
p < . 000 I . While unaccented Iii tokens also show a significant correlation between onset 
and offset value ( r=. 13 0, p < . 000 I), the correlation for corresponding accented tokens is 
not significant (r=.107, p < .13) and the difference between r values for accented and 
unaccented tokens also fails to attain significance, F(2, 660) = 1.59, p < .203. 
6.5 Local context efTects 
In Chapter 5, analyses of variance and pairwise multiple comparison of means tests were 
performed in order to assess the separability in mean midpoint value for schwa as a 
function of C 1 and C2 contexts in comparison with the full vowels and to complement the 
results of the regression analyses with respect to the evaluation of the directionality of 
effects. The high degree of separability observed for schwa and /II as a function of both 
preceding and following consonantal place and manner of articulation confirmed the 
transitional nature of these vowels. While it is hypothesised that unaccented vowels are 
less narrowly specified than accented vowels, the unaccented vowel tokens in the present 
data are not considered to be reduced and hence are not expected to display the same 
trends as schwa or /Ii either in terms of the magnitude or the pattern of coarticulatory 
effects. 
Given that the higher R 2 values observed for unaccented relative to accented vowel 
tokens reflects greater context-dependency, unaccented tokens should show relatively 
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greater shifts in formant frequency value as a function of individual contexts than the 
corresponding accented tokens. For example, lower absolute values for F2 are predicted 
for unaccented Iii tokens in the context of a preceding lwl or following Ill than for 
accented Iii tokens in equivalent contexts and, similarly, higher values are predicted for 
unaccented hi tokens compared with accented hi tokens in palatal or alveolar contexts. 
However, whether such effects result in greater overall separability as measured in terms 
of the number of pairwise differences that attain significance, depends on their relative 
strength compared with the strength and direction of influence of other contexts. Given 
that, for example, in the case of hi, most contexts will exert a raising influence on the 
vowel midpoint values, a general upward shift in F2 for unaccented hi tokens may 
actually serve to lessen the overall degree of separability in midpoint value. 
Since greater sensitivity to context for unaccented vowels is expected to be manifest 
primarily in a greater magnitude of effects rather than in differences in the directionality 
of effects, the pairwise comparisons are used here to complement the regression analysis 
by indicating the number and type of contexts that contribute to the whole effect. 
Owing to the limitations in sample size across place (and manner) categories imposed 
through the introduction of sentence stress as a grouping variable, results are less 
conclusive than was the case in the pooled data analysis. In some cases, sample size was 
too small to permit statistical comparison. Thus, a comprehensive assessment of place 
and manner effects across accented and unaccented tokens for all the vowels is not 
possible. Since a three-way stress comparison is prohibited for the same reason, results 
are reported for a two-way comparison between combined nuclear and non-nuclear 
accented tokens and unaccented tokens. Results of the analyses of variance are 
presented in Tables 6.15: 16. 
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6.5.1 F2 as a function of adjacent consonantal place of articulation 
In general, results are consistent with the expectation that unaccented vowel tokens show 
a greater shift in value as a function of context than the corresponding accented tokens. 
In some cases this also results in greater overall separability in midpoint value. The 
results also confirm that differences between accented and unaccented vowels with 
respect to the directionality of coarticulatory effects are largely differences in the 
magnitude of effects. In general, accented and unaccented tokens for a given vowel 
category show the same pattern with respect to the number and type of contexts that 
exert the greatest influence at both the carryover and anticipatory level. As in the pooled 
data, any differences in the relative magnitude of effects across accent conditions as 
indicated in the regression analyses, are largely accounted for by differences in the 
distribution of these contexts. 
In the case of /i/, greater context-sensitivity for unaccented tokens predictably manifests 
itself in lower F2 midpoint values relative to the values for the corresponding accented 
tokens. At the carryover level, this also results in greater overall separability in F2 
midpoint value for unaccented compared with accented tokens. The only pairwise 
difference to attain significance in the accented condition is for tokens in the context of a 
preceding alveolar compared with tokens in the context of a preceding apical, higher 
values being obtained in the alveolar context (p < . 05). Within the unaccented condition, 
significantly higher values are obtained for tokens in both velar and alveolar contexts 
compared with tokens in palatal and dental contexts. This is chiefly due to lower values 
being obtained in the unaccented palatal and dental contexts. Values are also 
significantly lower for tokens following apicals than for tokens following alveolars. The 
lowering effect of a preceding /w/ is also greater for unaccented tokens than for accented 
tokens (mean 1900 Hz compared with 2084 Hz) resulting in significantly lower values for 
tokens in this context compared with tokens in the context of a preceding labial 
(p < .001) or apical (p < .05). 
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In a comparison of group means across accent conditions, the results confirm that labio-
velar /w I and apicals exert a stronger influence on unaccented /ii tokens than on accented 
/i/ tokens. Values are significantly lower in both unaccented contexts although the 
significance level is higher in the case of apicals (p < . O 1) than in the case of /w / (p < . I). 
It is likely that differences in the level of significance between comparisons reflect 
differences in the sample size between contexts ( 69 and 162 apical contexts compared 
with 10 and 19 labio-velar contexts for the accented and unaccented conditions 
respectively). 
With respect to the influence of following context, there is no difference between accent 
conditions in terms of overall separability, none of the pairwise comparisons within either 
condition show significant differences. However, significantly lower values are obtained 
for unaccented tokens in alveolar contexts compared with the corresponding accented 
tokens (p < . 01 ). As in the pooled data, values for tokens preceding apicals tend to be 
lower than for tokens in all other contexts. While the difference in value within either 
accent condition fails to attain significance, unaccented tokens in this context show 
significantly lower values than accented tokens preceding alveolars and dentals (p <.OS) 
and accented tokens, significantly lower values than unaccented tokens in velar 
(p < .001), alveolar (p < .01) and labio-dental contexts (p < .001). 
Unaccented /II tokens also show greater differentiation between individual contexts than 
accented /II tokens. At the carryover level, this reflects a relatively greater raising and 
lowering influence of velars and apicals respectively such that unaccented tokens show 
significantly higher values in the context of a preceding velar than in any other context 
and significantly lower values following apicals than in all contexts other than /w /. 
Accented versus unaccented comparisons, however, are only significant in the case of 
apicals. An accented versus unaccented comparison of labio-velar contexts is not 
possible due to there being only one example of accented /II occurring in this context. 
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Both accented and unaccented III tokens show greater separability as a function of c2 
place of articulation than as a function of C1 place of articulation. However, the lowering 
effect of a following labial (p < . 001) and apical (p < . 05) is significantly greater for 
unaccented compared with accented tokens. Lower mean values for the unaccented 
condition are also obtained for tokens in all the other contexts, most notably preceding 
dentals and labio-velars. However, the accented versus unaccented pairwise comparisons 
do not show a significant effect in these cases. 
Unaccented /al tokens are also subject to a greater raising effect from a preceding velar 
than the corresponding accented tokens. Values for unaccented tokens are significantly 
higher following velars than in all other contexts other than a preceding palatal or 
alveolar context. Values are also lower for unaccented tokens following labio-dentals 
than following alveolars, velars and labials. Apart from a significant lowering effect of a 
preceding labio-dental, accented /a/ tokens show little separability in F2 midpoint value 
as a function of C1 place of articulation. For both accented and unaccented /al tokens, 
the only significant difference in value as a function of C2 place of articulation occurs for 
tokens preceding apicals. The amount of shift in F2 midpoint value is similar in both 
cases. 
The raising influence of a preceding alveolar is stronger for unaccented I tJ tokens than 
for accented I Al tokens. This is reflected in a significant difference in value both between 
unaccented tokens in this context and the corresponding accented tokens (p < .05) and 
between unaccented tokens in this compared with unaccented tokens in the labial 
(p < . 00 I) and apical (p < . 0 I) contexts. For accented tokens, there is no difference in 
value for tokens following alveolars compared with tokens following labials or apicals. 
While unaccented I Al tokens show higher mean values than the corresponding accented 
tokens for all C2 contexts other than the apical context, none of the accented versus 
unaccented pairwise comparisons show significant differences. 
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A relatively stronger raising effect from an adjacent alveolar on unaccented compared 
with accented tokens is also evident in the case of /o/. Unaccented /o/ tokens in the 
context of a preceding alveolar show significantly higher values than accented tokens in 
the velar context (p < .05). Within the accented condition, there is no difference in value 
between tokens following alveolars and velars. Higher values are also obtained for 
unaccented tokens in the context of a following alveolar resulting in significant pairwise 
differences between unaccented tokens in alveolar contexts and accented tokens in dental 
(p < . 001) and in velar and labial contexts (p < . O 1). 
Although unaccented /J/ tokens show higher mean values than the corresponding 
accented tokens there are no significant pairwise differences between accent conditions. 
With the exception of tokens in the labial context, unaccented /uJ tokens show lower 
mean values as a function of C1 place of articulation than the corresponding accented 
tokens. However, the difference in value is only significant for tokens in the alveolar and 
velar contexts. There is no significant difference in F2 value for accented or unaccented 
/u/ tokens as a function of C2 place of articulation. 
In the case of 1£1, lower values are obtained for unaccented tokens in the context of a 
following dental than in all contexts other than the labial and labio-dental contexts, 
resulting in significant pairwise differences not evident in the accented condition. 
However, values are not significantly lower than the corresponding values for accented 
tokens in this context. In the case of /u/ and 13/, comparison of contexts across accent 
conditions is not possible due to small sample sizes. 
6.5.2 Fl as a function of adjacent consonantal manner of articulation 
The pairwise comparisons of group means for Fl are consistent with the results for F2 
insofar as they show that accented and unaccented tokens differ largely with respect to 
amount of coarticulation rather than the number and type of contexts which exert a 
coarticulatory influence. 
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The raising influence of a preceding apical is stronger for unaccented /ii tokens than for 
accented /i/ tokens (p < . 001). There is also a tendency for unaccented /ii tokens in the 
context of a preceding glide to be characterised by higher values than the corresponding 
accented tokens (p < .1 ). Relatively higher values for unaccented /i/ tokens in these 
contexts as well as in the fricative context result in significant pairwise differences 
between unaccented tokens in these compared with tokens in the stop context (p < .001). 
Within the accented condition, lower values only occur for tokens following stops 
compared with tokens following nasals (p < .01). At the anticipatory level, there is less 
distinction between accented and unaccented tokens. In general, higher values are 
obtained for tokens preceding nasals than for tokens in other contexts. Accented tokens 
in the context of a following nasal display higher values than accented tokens preceding 
stops and fricatives (p < . 05) and higher values than unaccented tokens preceding stops 
(p < .05), fricatives (p < .01) and nasals (p < .001). Higher values are also obtained for 
unaccented tokens preceding nasals than for unaccented tokens preceding stops (p < . 01) 
or for accented tokens preceding stops (p < .05). 
In the case of Ir!, lower values occur for unaccented tokens compared with accented 
tokens in the context of a preceding fricative (p < . 01). Otherwise there are no 
significant pairwise differences at the carryover level between accented and unaccented 
tokens in equivalent contexts. Relatively lower values for unaccented tokens in the 
fricative context results in a significant pairwise difference in value between these and 
unaccented tokens in the context of a preceding nasal (p < .001) or liquid (p < .01). In 
the accented condition, there is no significant difference in value for tokens in these 
contexts. Conversely, the relatively higher values for accented tokens following 
fricatives results in a significant pairwise difference between these and tokens following 
stops (p < .05). There is no difference in value between unaccented tokens in stop and 
fricative contexts. Unaccented tokens in the context of a preceding liquid and glide also 
show a significant difference in value (p < . 001) which is not apparent in the accented 
condition although there is a significant difference in value between accented tokens 
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following glides and unaccented tokens following liquids (p < . o 1) and between accented 
tokens following liquids and unaccented tokens following glides (p < .001). In both 
cases, tokens in the liquid contexts display higher values than tokens in the glide 
contexts. 
With respect to the influence of following context, both accented and unaccented tokens 
display a high degree of separability in midpoint value. Within both accent conditions, 
higher values occur in the context of nasals and liquids than in the context of stops and 
fricatives. Values are higher for accented tokens in the context of a following nasal than 
for the corresponding unaccented tokens (p < .01 ). Otherwise there are no significant 
differences between accented and unaccented tokens in equivalent contexts. 
Significantly lower values are obtained for unaccented compared with accented Ir.I tokens 
in the context of a preceding glide (p < . 01 ). While there are no other significant 
pairwise differences between accented and unaccented tokens in equivalent contexts, 
generally higher F 1 values for accented tokens result in significant differences between 
accented tokens in preceding stop contexts and unaccented tokens in preceding glide 
contexts (p < . 01 ), between accented tokens in preceding nasal contexts and unaccented 
tokens in preceding stop and glide contexts (p < . 001) and preceding fricative contexts 
(p < . 01) and between accented tokens in preceding fricative contexts and unaccented 
tokens in preceding glide contexts (p < .01). Within each accent condition, however, 
there are no significant differences in Fl midpoint value as a function of C1 manner of 
articulation. 
At the anticipatory level, unaccented tokens show significantly lower values in the 
context of a following stop (p < .05) or nasal (p < .001) than the corresponding accented 
tokens. The values for unaccented tokens preceeding stops are also lower than the 
values for accented tokens preceding fricatives (p < .01) and liquids (p < .001). While 
accented tokens show slightly lower values preceding stops than preceding liquids 
--
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(p < . 1 ), there is no difference between accented tokens in the context of a following stop 
compared with a following fricative. 
In the case of /a/, a significant main effect of sentence stress results in lower F 1 values for 
unaccented tokens in preceding fricative contexts than for accented tokens in the context 
of a preceding stop (p < .001), fricative (p < .01), liquid (p < .001) or nasal (p < .05). 
Values are also significantly lower for unaccented tokens following stops than for 
accented tokens following liquids (p < .01). There are no significant pairwise differences 
within either the accented or unaccented condition. There is also a greater lowering 
effect for unaccented tokens from following stop contexts. Values for unaccented tokens 
in this context are significantly lower than the values for the corresponding accented 
tokens (p < . 001) and lower also than the values for accented tokens in the context of a 
following nasal (p < . 001) or fricative (p < . 01 ). 
F 1 values are significantly lower for unaccented I Al tokens in the context of a preceding 
stop or fricative than either accented or unaccented I tJ tokens in the context of a 
preceding nasal. Unaccented tokens following liquids also tend to show lower values 
than accented tokens in the nasal context (p < .1). Lower values for unaccented tokens 
also occur as a function of C2 manner of articulation. Unaccented tokens show lower 
values in the context of a following stop (p < . 001 ), fricative (p < . 01 ), nasal (p < . 1) or 
liquid (p < . 05) than accented tokens in the context of a following nasal. While there is 
also a difference in value for accented tokens preceding nasals compared with accented 
tokens preceding stops (p < . 05) and liquids (p < . 001 ), there is no difference in value for 
accented tokens in following nasal compared with following fricative contexts. 
Values are also significantly lower for unaccented /o/ tokens in the context of a preceding 
nasal or stop (p < . 001) or fricative, liquid or glide (p < . 05) than for accented tokens in 
the context of a preceding nasal. Within the accented condition, only tokens in preceding 
stop and fricative contexts show significantly lower values than tokens in the nasal 
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context (p < · 01 ). There are no differences as a function of degree of sentence stress at 
the anticipatory level. 
There is no variation in Fl for la/ tokens as a function of either sentence stress or context 
at either the carryover or anticipatory level. /J/ tokens show a significant main effect of 
context at the carryover level but no stress effect while 13/ tokens show a significant main 
effect of context but no stress effect at the anticipatory level. For /u/, there is a 
significant difference in value for accented tokens in the context of a preceding stop 
compared with unaccented tokens following glides (p < . O 1 ), with higher values being 
displayed by the accented tokens. Lower values are also obtained for unaccented tokens 
following glides compared with unaccented tokens in the context of a preceding liquid 
(p < .05). There are no significant pairwise differences within the accented condition. 
There is no difference in value for accented compared with unaccented tokens as a 
function of following context. 
6.6 Discussion 
6.6.1 Duration 
The results of the present study accord with the literature in showing generally longer 
durations and more peripheral formant values for sententially stressed compared with 
sententially unstressed vowels. In general, unaccented vowel tokens in the present data 
also show greater overall variability and greater context-dependency than their accented 
counterparts resulting in a lesser overall degree of acoustic contrast between vowels. 
The observed durational difference between accented and unaccented vowels, in many 
cases, reflects a difference for the nuclear accented compared with the unaccented 
condition. The vowels /a, 3, a, A, J/ show no difference in duration as a function of 
bearing a non-nuclear accent compared with no accent. /i/, /o/ and /u/ also show a 
relatively greater difference in duration between nuclear accented and unaccented tokens 
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than between non-nuclear accented and unaccented tokens. The mid-high, lax vowels /Ii 
and /u/ are the only vowels to show comparable durations for tokens in the two accented 
conditions. 
The lack of a significant difference in duration between non-nuclear accented and 
unaccented vowel tokens may reflect an averaging effect from other factors which 
influence vowel duration. Factors such as word structure, syllable structure, the location 
of clause and phrase boundaries and the manner and voicing characteristics of adjacent 
consonants (Klatt, 1976; Lehiste, 1960, 1972) are all known to affect vowel durations. 
In the present study, these variables are not controlled for and hence may serve to 
obscure stress-related durational differences. Given that sentence stress is a relational 
rather than an absolute property (Lehiste, 1970; Couper-Kuhlen, 1993), degree of stress 
and hence duration is also likely to vary across different utterances. The durational 
difference between nuclear accented and unaccented tokens is presumably not affected to 
the same extent because it is greater in absolute terms when all other factors are held 
constant. 
Contrary to observations in the literature (Peterson & Lehiste, 1960; Klatt, 1973 ), in the 
present data, the relative degree of shortening as a function of reduced stress, is not 
uniform across all vowels. While the tense vowels /a/, 131, /JI and the long, lax vowel /a/, 
show the greatest absolute shortening from the nuclear accented to the unaccented 
condition, it is the high, tense vowels /ii and /u/ which show the greatest relative degree 
of shortening across the two accent conditions, followed by their lax counterparts /Ii and 
lo/. The long vowels /J/, 131, la/, and /a/ show a slightly greater reduction in mean 
duration than Ir:./ and /A/ (between 1% and 3%) for unaccented tokens compared with 
nuclear accented tokens but a lesser decrease in duration than /n/. The high and mid-high 
vowels together with the mid-low front vowel Ir:./, also show the most difference in 
duration between non-nuclear accented and unaccented tokens. la/, 131, /J/ and /a/ show 
the least difference in mean duration between non-nuclear accented and unaccented 
tokens due to relatively long durations being maintained for the latter. 
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The fact that the high and mid-high vowels display a relatively greater decrease in 
duration with reduced stress than the low vowels is consistent with the proposal that 
inherent segmental duration in conditioned by production constraints (Lindblom 1967· 
' ' 
Klatt, 1973). According to Lindblom, longer inherent durations for the low vowels 
reflect longer time requirements for jaw movement relative to tongue movement. 
Extrapolating from this, the relatively long inherent duration for the mid-low vowel 1-:JI 
arguably reflects the cumulative time requirements of jaw movement coupled with lip 
rounding. 
However, while it may be the case that "incompressibility is relative to the inherent 
duration of a phonetic segment and reflects a minimum time of execution of the required 
articulatory program." (Klatt, 1973, p. 1103 ), the present results also support the 
argument that the durational hierarchy is maintained on the basis of perceptual 
constraints, specifically, to preserve the distinction between the spectrally similar 
tense/lax pairs of vowels which are otherwise subject to a loss of acoustic contrast with a 
decrease in stress. This would also account for the relatively long durations for 
unaccented /31 tokens. The durational distinction between the tense/lax pairs Iii-II/ and 
lul-lol would appear to be maintained through a comparable degree of shortening for 
each pair member. 
The pattern of results with respect to the amount of variance in vowel midpoint value 
that is explained uniquely by duration is similar for both accented and unaccented tokens. 
Duration accounts for a relatively larger proportion of the variance in F2 midpoint value 
for the peripheral vowels Ii, a, nl and hi than for the more central vowels in both accent 
conditions. With respect to F 1, the low and mid-low vowels also show a larger unique 
contribution of duration than the high and mid-high vowels in both accent conditions. 
In the case of Iii, la/ and lnl, the relative contribution to the F2 prediction made by 
duration is larger for accented than for unaccented tokens. Similarly, with the exception 
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of Ir.I, /31 and /a/, the relative contribution of duration to the Fl prediction for vowels is 
also larger for accented compared with unaccented tokens. Assuming that the size of the 
durational effect is conditioned by the degree of compatibility between vowels and 
consonants (see section 5.5), this result is consistent with the view that accented vowels 
are characterised by more extreme articulatory configurations than unaccented vowels. 
6.6.2 Overall variability 
In terms of overall variability in formant frequency value, the pattern of reduction in 
variability with an increase in sentence stress is consistent with expectations. Nuclear 
accented tokens generally display less variability than either the corresponding non-
nuclear accented or unaccented tokens. With the exception of /3/, non-nuclear accented 
tokens are also less variable than their unaccented counterparts. The lesser degree of 
variability for non-nuclear accented tokens, particularly for those vowels which show no 
durational difference between the non-nuclear accented and the unaccented condition, 
further supports the suggestion that durational differences between non-nuclear accented 
and unaccented tokens may be obscured through the influence of other factors. 
However, it may also reflect the fact that degree of context sensitivity can vary 
independently of vowel duration. 
As with duration, the degree of reduction in overall variability as a function of increased 
stress is variable across vowels. In this case, the long vowels hi, /al and /3/ show a 
relatively greater degree of reduction as a function of stress than /i/ and /u/. Generally 
greater variation in the rank ordering of individual vowels across accent conditions with 
respect to overall variability than observed in the case of duration, may be attributed, in 
part, to differences in the frequency distribution of contexts between accent conditions. 
This may also account for differences in the relative amount of Fl compared with F2 
variability for some vowels. Despite such differences, however, with the exception of 
/u/ the distinction between tense and lax vowel sets is maintained for both accented and 
' 
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unaccented tokens. Within each accent condition, the tense vowels as a set (including the 
long, lax vowel /a/) display lower overall variability than the lax vowels. 
The diminished degree of acoustic contrast that accompanies a decrease in stress for both 
tense and lax vowel sets in the present data, conflicts with F ourakis' ( 1991) findings. 
While F ourakis reports a shrinkage in the size of the vowel space for lexically unstressed 
compared with lexically stressed vowel tokens, he found that individual vowels remained 
distinct. Given that F ourakis examined vowels in only two consonantal frames, the 
difference in results may be attributed to the greater range of contexts used in the present 
study and may, therefore, be taken as evidence in support of the view that the effects of 
stress and context are additive, that is, that unstressed vowels are more susceptible to 
coarticulatory effects than their stressed counterparts. 
6.6.3 Degree of context-dependency 
The results of the regression analyses and pairwise comparison of means tests confirm the 
greater context-sensitivity of unaccented vowels in the present data compared with 
accented vowels. With the exception of Ir.I, 131, /al and hi, unaccented vowel tokens 
show greater context-dependency along both Fl and F2 than the corresponding accented 
tokens. In general, nuclear and non-nuclear accented tokens pattern together. For those 
vowels which show a significant increase in context dependency with a decrease in 
sentence stress, the only vowels which do not show a significant difference in R 2 value 
between non-nuclear accented and unaccented tokens as well as between nuclear 
accented and unaccented tokens are /Ii, /u/ and /tJ in the case of Fl and /a/ in the case of 
F2. 
Vowels also differ in terms of the amount of difference in degree of context dependency 
they show as a function of stress. For F2, the pattern of results within and across accent 
conditions suggests that vowels may be divided into three broad categories with respect 
to the question of inherent stability. Firstly, there are those vowels, namely /ii, /a/, la/ 
228 
and hi which show relatively low context-dependency in the pooled data analysis. The 
fact that /i/, la/ and /J/ show comparatively little or no significant increase in degree of 
context-dependency for unaccented relative to accented tokens may be considered 
further evidence of their inherent robustness. While the long, lax vowel /a/ does show a 
comparatively large absolute difference in R 2 value across accent conditions its relative 
' 
position in the rank ordering from most to least context-dependent does not change 
appreciably for unaccented compared with accented tokens. 
One possible explanation for the increase in R 2 value with an increase in stress observed 
for hi is that it reflects a greater vowel-to-consonant effect than consonant-to-vowel 
effect for the accented relative to the unaccented tokens. Recasens ( 1991) reports less 
variation in consonantal values as a function of vowel-to-consonant coarticulation for 
those consonants which exert the strongest consonant-to-vowel coarticulatory effects. 
Since the regression analysis provides a measure of the strength of the relationship 
between onset/offset and midpoint value, a similar inverse relationship of reciprocal 
influences in the case of vowels, such that the vowels which show the least variation as a 
function of adjacent consonantal influence also exert the greatest vowel-to-consonant 
coarticulatory effects, would also manifest itself in relatively high R 2 values. 
Accepting that stressed vowels exert a stronger coarticulatory influence than unstressed 
vowels (Fowler, 1981 ), the increase in R2 value for accented /J/ tokens relative to 
unaccented hi tokens might be interpreted as reflecting a relatively stronger 
vowel-to-consonant effect for accented tokens rather than a stronger consonant-to-vowel 
effect for unaccented tokens. There is, however, a problem with this account in that the 
difference in degree of context-dependency between accented and unaccented /J/ tokens 
largely reflects a difference between non-nuclear accented and unaccented tokens. 
Assuming that degree of coarticulatory influence increases with degree of stress, nuclear 
accented tokens would be expected to show the strongest vowel-to-consonant effect. 
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An alternative possibility is that the higher R 2 value for non-nuclear accented hi tokens 
reflects differences in the frequency distribution of contexts across accent conditions. 
Non-nuclear accented hi tokens show a relatively greater proportion of vowel contexts 
than either nuclear accented or unaccented hi tokens (see Figure A I .i). The majority of 
these are front vowels which exert a strong raising influence on the F2 values for hi. 
Despite the relatively high degree ofF2 context-dependency observed for non-nuclear 
accented hi tokens relative to the corresponding nuclear accented and unaccented 
tokens, hi continues to number among the four most robust vowels (i.e. /a, o, i, -:J/) in 
the non-nuclear accented condition (see Figure 6.14). 
The second posited category of vowels includes those vowels which represent the 
opposite extreme in terms of vowel robustness, namely /I./, lo/ and, to a lesser extent, Ir.I. 
After schwa, /o/ shows the greatest context-dependency along F2 in the pooled data 
analysis followed, in descending order, by II./, lul and Ir.I. While /u/ exhibits higher 
overall F2 context-dependency than Ir.I, its relative position in the hierarchy of least to 
most context-dependent shows a large difference between accented and unaccented 
conditions. In contrast, Ir.I shows no difference in level of context-dependency between 
accented and unaccented tokens. II./ and /o/ similarly show a relatively small, although 
significant, stress effect compared with the stress effects observed for other vowels. 
Because Ir.I patterns with /I./ and /o/ in showing relatively high context-dependency for 
accented as well as for unaccented tokens, there is a sense in which it is generally less 
robust than /u/. 
The third and final category encompasses the remaining vowels /u, D, 3/ and I Al which 
show varying degrees of context-sensitivity and which, with the exception of /3/, show a 
strong stress effect. Of these, the rounded vowels /u/ and /o/ show the greatest 
difference in R 2 value as a function of stress. In each case, the difference in amount of 
context-dependency is in the expected direction and is of such a magnitude as to alter the 
relative positions of these vowels in the ranking from least to most context-dependent. 
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The long, central vowel /3/ is also included in this category owing to the intermediate 
position it occupies in the rank ordering of vowels. Given its long inherent duration and 
comparatively low contextual variability, it cannot be included with the weakly specified 
vowels /r, r./ and /u/. Relatively high levels of context-dependency in comparison with 
/a, J, a, i/, however, preclude it from inclusion in the robust category. It is, however, 
noteworthy, that while /3/ shows a higher R 2 value in the accented condition compared 
with I Ai, /n/ and /u/, in the unaccented condition, /3/ displays a lower R2 value than either 
/u/ or I Al and a similar value to /n/. 
To summarise, the differences in the ranking of vowels from least to most context-
dependent as a function of sentence stress largely concern the lax vowels /Al and /n/ and 
the tense vowel /u/. The lax, back vowel I A/ occupies a higher position than the long, 
central vowel /3/ in the accented condition but shows greater context-dependency than 
/3/ in the unaccented condition. The lax, back vowel /n/ shows less context-dependency 
than /ii in the accented condition but greater context-dependency than /ii in the 
unaccented condition. Accented /u/ tokens show a slightly lower level of context-
dependency than accented Ir.I and /3/ tokens. In the unaccented condition, however, /u/ 
shows a considerably higher level of context-dependency than these vowels. 
The pattern of results for F 1 shows some similarity to that observed for F2 but also some 
important differences. As in the case ofF2, the long, back vowels /a/ and hi show the 
least context dependency for both accented (combined nuclear and non-nuclear) and 
unaccented tokens while the mid-high, lax vowel /r/ shows the greatest context-
dependency in both accent conditions. /al and hi also show no significant increase in 
degree of context-dependency with a decrease in stress. The long, front vowel /a/, 
however, generally occupies a lower position in the ranking from least to most context-
dependent for F 1 compared with F2. There is also a greater difference in the relative 
position it occupies in the hierarchy for accented compared with unaccented tokens in the 
case of F 1. The relatively greater influence of stress on Fl compared with F2 in this 
case may reflect a greater duration dependence for jaw movement relative to tongue-
body movement. 
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Large changes in rank position across accent conditions are also evident in the case of 
/u/, /n/ and /o/. For /u/ and /n/, the change is in the expected direction with unaccented 
tokens showing greater context-dependency than accented tokens although for /u/ the 
difference largely reflects a difference between nuclear accented and unaccented tokens. 
In the case of /o/, accented tokens display higher R2 values than the corresponding 
unaccented tokens. This is true for tokens in both accented conditions although the 
difference is particularly marked for non-nuclear accented compared with unaccented 
tokens. 
As in the case of the F2 results for /J/, the increase in R2 value for accented /o/ tokens 
relative to unaccented /o/ tokens might be construed as reflecting greater vowel-to-
consonant coarticulation rather than greater consonant-to-vowel coarticulation. In 
addition to a decrease in the variability in midpoint value, nuclear and non-nuclear 
accented /o/ tokens also show a decrease in the variability in onset and offset value 
relative to the range in onset and offset value apparent for the corresponding unaccented 
tokens. However, in this case, it is also more likely that the differences in R2 value 
between accented and unaccented tokens simply reflect differences in the distribution of 
contexts across accent conditions. As Figure 6.25 demonstrates, non-nuclear accented 
tokens show a higher proportion of apical contexts which tend to raise Fl than either 
nuclear accented or unaccented tokens. Accented tokens also show a higher proportion 
of labial and velar stop contexts than the unaccented tokens. 
The tense vowel /u/ and the lax vowels /Al and /r./ show the highest level of Fl context-
dependency after III in the pooled data analysis. Despite a higher absolute R2 value for 
/u/ in the unaccented condition, I Al is arguably less robust than /u/ on account of the fact 
that it displays a relatively high R 2 value for accented as well as for unaccented tokens. 
Similarly, while the tense vowels /ii and /u/ and the lax vowels /a/ and /n/ all show 
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greater context-dependency than Ir.I in the unaccented condition, the fact that Ir.I does 
not show a significant stress effect and occupies a relatively low position in the hierarchy 
from least to most context-dependent for accented tokens, suggests that it is also 
generally less robust than these vowels. While II/ shows a greater stress effect than I tJ 
and Ir.I, it also displays higher R
2 
values for both accented and unaccented tokens. 
In sum, the main differences between F 1 and F2 in the ranking of vowels from least to 
most context-dependent concern the relative positions occupied by lul and la/. 
While la/ displays greater absolute context-dependency along F2 than along Fl, it 
occupies a lower relative position in the hierarchy of least to most context-dependent 
vowels for Fl than for F2, for both accented and unaccented tokens. Conversely, while 
lul displays the highest R 
2 
value for F2 within each accent condition, unaccented lul 
tokens show relatively little context-dependency along Fl. Owing to the high ratio of 
unaccented to accented tokens for this vowel, lul also displays a relatively low R 2 value 
for F 1 overall. 
In general, vowels show a relatively greater increase in amount of context dependency 
with a decrease in stress along Fl than along F2. In the case of Ir! and lul, the stress 
effect is chiefly manifest in reduced context-dependency along Fl. Ir! and lul show a 
decrease in degree of Fl context-dependency of24% and 33% respectively for accented 
relative to unaccented tokens compared with a decrease in degree ofF2 dependency of 
1 % and 4 % . Given that increased stress is associated with increased vocal effort, a 
relatively greater stress effect for F 1 than for F2 may be attributed to the fact that most 
of the energy of a vowel is contained within the first formant (Lehiste, 1970). A 
narrower specification for accented vowels along F 1 than along F2 may also reflect the 
greater perceptual salience of F 1 compared with F2. 
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6.6.4 Lexical distribution of vowels 
The lack of uniformity in the relative size of the stress effect across vowels may reflect 
differences in their lexical distribution, that is, in their relative frequency of occurrence in 
function words compared with content words. Function words are likely to be subject to 
a greater degree of reduction than content words due to their relatively low informational 
content and their high frequency of occurrence (Bolinger, 1975). Thus, the relatively 
large increase in degree of context-dependency for unaccented relative to accented /u/ 
tokens may to some extent reflect the occurrence of /u/ tokens in function words such as 
"to", "into", "you", "who". /n/ and /a/ also feature in high frequency function words: 
"of', "a", "at", "and". The full vowel percept in these cases may reflect phonemic 
restoration on the part of the labeller or the difficulty in discriminating between full and 
reduced vowels (see Van Bergem, 1995). However, owing to the lack ofisomorphy 
between production and perception, vowels which qualify as full perceptually may show 
variable degrees of reduction at the production level. 
The high degree of context-dependency observed for III and /u/ might also be attributed 
to their relatively high occurrence in function words and suffixes. However, both vowels 
show a comparable amount ofF2 context-dependency for accented as for unaccented 
tokens which suggests that they are generally more weakly specified along F2 than other 
vowels. 
6.7 Summary 
In this chapter, the role of sentence stress and the interaction of stress and context effects 
in conditioning vowel quality are examined. In line with predictions, unaccented vowel 
tokens generally show shorter durations, greater variability and, in the majority of cases, 
greater context-dependency than their accented counterparts. 
Despite individual differences between vowels with regard to the amount of difference in 
degree of F2 context-dependency they show across accent conditions, the same general 
fl/ .. · 
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hierarchy of robustness is evident for both accented and unaccented tokens. The corner 
vowels /a, i, a/ and the back, rounded vowels /o/ and /J/ show the least context-
dependency in both accent conditions while the inherently short vowels III, fol and Ir.I, 
together with /u/ in the unaccented condition, display the highest levels of context-
dependency. The ranking of vowels in terms of degree of Fl context-dependency is 
more variable across accent conditions. The differences largely concern the vowels /o/, 
/a/, /u/ and /o/. For both accented and unaccented tokens, the back vowels /a/ and /J/ 
show the least Fl context-dependency while III together with /o/ in the accented 
condition and /u/ in the unaccented condition, shows the highest Fl context-dependency. 
In general, vowels show lower context-dependency along Fl than along F2. However, 
they also tend to show a relatively greater stress effect along F 1 than F2. The role of 
stress in conditioning vowel quality is further considered in Chapter 7. 
Figure 6 2 Mean durations (msec) for nuclear and non-nuclear accented and 
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Figure 6.3: Percent reduction in duration between nuclear (Nuc), Non-nuclear 
(non-nuc) and unaccented (Un) accent conditions. This was calculated by dhiding the 
difference in mean duration between, for example, the nuclear accented and the unaccented 
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Figure 6.12: Percent reduction in overall variability as a function of stress 
6.12a: combined nuclear and non-nuclear accented (Accent) vs unaccented tokens and nuclear 
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6.12b: Nuclear accented (Nuc) vs unaccented (Un) tokens and non-nuclear accented (Non-nuc) 
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Figure 6.13: Coefficient of variance values for nuclear and non-nuclear accented 
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Figure 6.14: Proportion of explained variance: combined nuclear and non-nuclear 
accented tokens. The proportion of explained variance is given both including and 
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Figure 6. 15: Proportion of explained variance: unaccented tokens. The proportion 




















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Table 6.1: Means and standard deviations for nuclear accented, non-nuclear 
accented and unaccented vowel tokens - F2 
Nuclear accented Non-nuclear accented Unaccented 
Mean SD Mean SD Mean SD 
i 2135 81 2093 76 2066 103 
I 1748 167 1748 178 1716 228 
E 1650 160 1636 142 1614 178 
a 1514 86 1501 86 1492 94 
3 1376 51 1394 94 1372 86 
Q 1104 59 1097 65 1120 90 
A 1191 72 1171 92 1220 140 
D 1002 85 995 85 1034 138 
J 809 65 838 97 885 135 
0 1153 185 1217 186 1402 305 
u 1606 196 1629 198 1511 292 
Table 6.2: Means and standard deviations for nuclear-accented, non-nuclear 
accented and unaccented vowel tokens - F 1 
Nuclear accented IN011-11uclear accented Unaccented 
Mean SD Mean SD Mean SD 
i 353 42 364 41 378 49 
I 456 50 440 49 440 65 
E 628 49 606 52 589 53 
a 773 43 765 36 726 52 
3 565 30 540 29 557 47 
Q 715 40 688 49 688 60 
A 686 50 666 55 640 72 
D 620 50 600 55 581 74 
J 468 36 466 29 473 42 
0 452 24 441 31 418 41 
u 362 34 366 27 381 39 
Table 6. 3: Means and standard deviations for nuclear accented, non-nuclear 
accented and unaccented vowel tokens - duration (msec) 
Nuclear accented Won-nuclear accented Unaccented 
Mean SD Mean SD Mean SD 
i 130 46 101 24 84 26 
I 78 28 68 22 56 20 
E 107 39 87 21 82 27 
a 134 38 115 25 103 29 
3 175 38 136 28 130 36 
Q 193 47 155 38 143 38 
A 100 31 87 25 80 22 
D 114 41 98 30 91 29 
J 174 49 132 35 126 40 
0 84 26 77 23 59 18 
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Table 6.5: Ellipse size and degree of shrinkage as a function of stress 
The areas for nuclear and non-nuclear accented and unaccented vowel ellipses are given in addition 
to the ellipse area for combined nuclear and non-nuclear accented tokens. The difference in ellipse 
area between nuclear (Nuc) and non-nuclear (Non-nuc) accented tokens and between combined 
accented (Ace) and unaccented (Un) tokens is also shown. 
Area Degree of shrinkage 
Vowel Nuclear Non-nuclear Combined IJnaccente Nuc!Un Nuc!Non-nuc Non-nuc!Un 
1 16.17 15.11 16.33 24.61 34% 7% 39% 
a 17.6 14.86 16.58 23.82 26% 16% 38% 
3 8.22 15.45 13.15 22.49 63% 47% 31% 
a 12.07 15.97 14.55 27.38 56% 24% 42% 
J 14.54 18.81 18.19 34.78 58% 23% 46% 
u 38.29 31.17 35.42 55.76 33% 19% 56% 
I 43.9 44.86 45.73 79.24 45% 2% 43% 
£ 38.45 37.11 38.93 48.99 22% 3% 24% 
A 20.23 28.71 24.89 58.23 65% 30% 51% 
D 26.14 27.02 27.36 65.57 40% 3% 59% 
0 26.81 36.02 33.74 67.89 39% 26% 47% 
Table 6.6: Coefficient of variance values for nuclear and non-nuclear accented 
and unaccented tokens within each vowel category 
Fl F2 
Vowel Nuclear Non-nuclear Unaccented Nuclear Non-nuclear Unaccented 
1 12.04 11.21 13.07 3.8 3.62 4.99 
a 5.5 4.71 7.2 5.69 5.75 6.29 
3 5.25 5.42 8.45 3.72 6.71 6.24 
a 5.58 7.14 8.71 5.34 5.96 8.07 
J 7.66 6.19 8.89 8.06 11.55 15.25 
u 5.31 7.01 10.27 16.05 12.18 19.3 
I 10.85 11.22 14.82 9.58 10.19 13.3 
£ 7.78 8.59 9.01 9.69 8.71 11 
A 7.3 8.23 11.24 6.03 7.84 11.46 
D 8 9.1 12.75 8.44 8.58 13.37 















Table 6. 7: Degree of overlap between combined nuclear and non-nuclear accented vowel 
tokens 
Vowel i a 3 Q ::> u I E d A D 
i * 5% 6% 
a * 1% 5% 1% 1% 
3 * 1% 12% 20% 3% 
Q 1% * 65% 34% 
::> * 1% 3% 12% 
u 5% * 24% 21% 
I 6% 1% 24% * 7% 42% 
E 5% 12% 7% * 15% 2% 
d 1% 20% 1% 21% 42% 15% * 3% 1% 
A 1% 3% 65% 2% 3% * 24% 
D 34% 3% 1% 24% * 
0 1% 12% 7% 8% 35% 
Table 6.8: Degree of overlap between unaccented vowel tokens 
Vowel i a 3 Q ::> u I E d A D 
i * 33% 29% 2% 
a * 3% 2% 11% 4% 15% 
3 3% * 1% 5% 33% 28% 40% 7% 
Q 2% * 1% 1% 72% 54% 
::> 1% * 2% 1% 2% 21% 
u 33% 1% 1% * 44% 35% 1% 4% 
I 29% 5% 44% * 15% 64% 2% 1% 
E 11% 33% 15% * 27% 15% 4% 
d 2% 4% 28% 1% 1% 35% 64% 27% * 18% 9% 
A 15% 40% 72% 2% 1% 2% 15% 18% * 60% 
D 7% 54% 21% 4% 1% 4% 9% 60% * 












































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Table 6.13: Difference between groups - F2 
!Nuclear accent vs unaccented Won-nuclear accent vs unaccented 
F-va/ue df p-value F-value qf p-value 
i 8.61 555 .0000 4.43 550 .0016 
I 13.47 1170 .0000 1.03 1151 .3919 
E .78 276 .5418 3.45 307 .0089 
a 3.52 217 .0083 1.4 188 .2362 
3 3.19 95 .0167 .40 84 .8098 
a 1.05 123 .3823 .53 103 .7123 
A 6.38 194 .0001 2.84 185 .0255 
D 13.22 250 .0000 4.79 144 .0010 
) 1.88 150 .1177 3.18 169 .0151 
0 3.87 66 .0070 4.82 75 .0016 
u 3.9 148 .0048 11.16 137 .0000 
Table 6.14: Difference between groups - Fl 
Nuclear accent vs unaccented Won-nuclear accent vs unaccented 
F-va/ue df p-value F-va/ue qf p-value 
i 2.59 556 .0357 2.66 552 .0321 
I 13.35 1224 .0000 0.2 1201 .9377 
E 2.11 278 .0799 0.86 307 .4904 
a 7.38 215 .0000 7.94 188 .0000 
3 .89 94 .4721 0.75 84 .5607 
a 4.58 122 .0018 0.97 99 .4268 
A 3.88 194 .0047 1.87 184 .1170 
D 5.75 249 .0002 3.7 228 .0062 
) 1.43 150 .2259 0.67 169 .6116 
0 2.01 66 .1039 3.36 75 .0138 




















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Discussion and Conclusions 
272 
This chapter reviews the main findings of this thesis and considers the theoretical 
implications these have for an account of vowel reduction in English. In particular, 
the results are examined for evidence to support an account of vowel reduction in 
terms of phonetic underspecification. The results are discussed first with respect to 
the three main aims of this thesis. These were, firstly, to obtain a measure of schwa's 
variability in comparison with the full vowels and to determine what evidence there is 
to support the hypothesis that schwa is unspecified for tongue and jaw position~ 
secondly, to determine whether the full vowels vary significantly with respect to the 
degree of context sensitivity they show and thirdly, to establish whether sententially 
unstressed vowels are more susceptible to coarticulatory effects than their sententially 
stressed counterparts. 
In the second part of the discussion, the systematicity and directionality of the 
observed coarticulatory effects are discussed more generally with respect to the 
theoretical implications they have for different models of coarticulation and for the 
invariance issue in speech production. A review of the advantages and disadvantages 
of a corpus-based study as opposed to an experimentally controlled paradigm is also 
given here. The chapter concludes with a summary of the main points of interest 
arising from this thesis. 
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7 .1 Phonetic underspecification of schwa 
As predicted, in the present data, schwa displays the greatest overall variability and 
the highest overall level of context-dependency of all the vowels. The near-maximal 
context-dependency for schwa along F2 strongly supports the hypothesis that schwa 
is completely unspecified for tongue position. The data also indicates that the second 
formant values observed for schwa are independently derived by principles of 
phonetic implementation as opposed to being supplied by phonological "fill-in" rules. 
As Keating (1988) predicts, unspecified segments are likely to show a dynamic, 
transitional quality along the dimension for which they lack specification. This 
reflects their "interpolation through" by the trajectory between adjacent specified 
segments (see section 2.3.2.2). The linearity of schwa second formant trajectories, 
the wide range in schwa F2 midpoint value, the comparable directionality of effects 
observed for schwa and the interaction of context effects through schwa all indicate 
its phonetic transparency and interpolation through. 
These results concur with findings reported by Choi (1992) for short vowels in 
Marshallese. In Marshallese, the short vowels are fully specified for tongue height 
but are unspecified for front/back tongue position. In an acoustic investigation, Choi 
also demonstrates that the observed F2 values for these vowels are determined by the 
values associated with the characteristics of the adjacent consonants and by the 
interpolation function governing the consonant-to-consonant trajectory: 
F2 at the vowel midpoint was found to vary primarily as a function of 
consonantal secondary articulation type. While there was a weak effect on F2 
associated with vowel category, this was attributed to variation in constriction 
size (i.e. the phonemic vowel height contrast) and not to an inherent front/back 
vocalic specification. The data also showed robust consonant-to-consonant 
coarticulation, providing further evidence that the vowels lack a F2 target. 
These results ... all suggest that the vowels ofMarshallese can be modeled 
without reference to an F2 target in the underspecification paradigm. (p. I 08) 
In the present data, the results for schwa are the more striking given that they indicate 
underspecification along both principle dimensions of vowel quality: front/backness 
and height. While it is conceded that some degree of jaw opening is inherent to 
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schwa's [-consonantal, +syllabic] specification, beyond being characterised by an 
open approximation as opposed to a stricture of complete closure, there is no 
evidence in the present data of a unique F 1 target for schwa. The relatively high FI 
context-dependency displayed by schwa in comparison with the full vowels 
(excepting /r/), the linear F 1 trajectories for schwa and an interaction of FI context 
effects through schwa indicate that it is also highly unspecified for jaw position. 
The results for schwa thus provide empirical support for Keating's (1988) 
Underspecification Hypothesis. Evidence that schwa is targetless and can occupy 
almost any position in the vowel space depending on context also argues against the 
traditional concept of vowel reduction as an independent process of centralisation. It 
is also consistent with the view that vowel reduction represents a means of 
economising on articulatory effort (Van Bergem, 1995) insofar as the straight-line 
interpolation between adjacent context segments reflects minimal articulatory effort. 
7 .2 Differences between the full vowels with regard to inherent variability 
The present data also provide evidence in support ofKeating's (1990) proposal that 
segments may show varying degrees of specification along a given dimension. 
According to Keating's window model of coarticulation, segments are characterised 
by the full range of contextual variability they exhibit. Segments with a precise or 
narrow specification for a given feature show less overall variability along the 
corresponding phonetic dimension(s) than segments which are less narrowly specified. 
The present results show significant differences between vowels with respect to 
overall variability and degree of context-dependency along both Fl and F2. 
Comparable levels of context-dependency along F2 observed for the mid-high, lax 
vowels /r/ and /u/ (for both accented and unaccented tokens) to that displayed by 
schwa suggests that these vowels are also unspecified for front/back tongue position. 
Both vowels display a comparable range in F2 midpoint value to schwa and similarly 
little difference in range of F2 midpoint compared with range in F2 onset and offset 
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value, indicating interpolation through. An interaction of context effects through the 
vowel is also evidence of their phonetic transparency along this dimension. 
The differences in mean F2 value between the three vowels(/;}/ 1447 Hz, /r./ 1716 Hz, 
lo/ 1325 Hz) may be attributed to differences in the frequency distribution of 
contexts. For example, for Ir./ there is a relatively higher proportion of palatal and 
velar contexts and a lower proportion of labial/labio-dental contexts than for schwa 
(see Figure A 1 ). The higher proportion of velar contexts, in particular, has the effect 
of raising the grand mean for Ir.!. For example, Ir./ tokens is the context of a preceding 
or following velar show a mean F2 value of 1884 Hz. The mean value for Ir./ tokens 
in the conte~ of a preceding or following labial (where the opposing context is any 
consonant other than a palatal or velar) show a mean F2 value of 1580 Hz (see Table 
A 1.b). 
Overall, /r./ also shows a comparable level of Fl variability and degree of Fl context-
dependency to schwa which suggests that, like schwa, it is also highly unspecified for 
tongue height. However, the stressed/unstressed comparison of the data shows a 
considerable reduction in degree of Fl context-dependency, thus indicating a 
narrower tongue-height specification, for accented Ir./ tokens relative to unaccented 
Ir./ tokens. Generally low Fl context-dependency for lo/ also indicates an inherent 
specification for tongue height and/ or lip rounding. Complete underspecification, as 
in the case of schwa, would not be expected for these vowels given that, unlike 
schwa, they may both occur in stressed position. 
The remaining vowels show varying degrees of context-dependency. The ranking of 
vowels from least to most context-dependent along Fl shows greater variation as a 
function of sentence stress than the ranking of vowels in terms ofF2 context-
dependency. However, as in the case ofF2, schwa and /r./ show the highest degree of 
context-dependency for Fl within each accent condition while the mid-low, back 
vowels show the lowest Fl context-dependency. With the exception of Iii, all vowels 
predictably show a lesser degree of context-dependency along Fl than along F2 (see 
also section 7.5.1). 
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Following the mid-high, lax vowels /r/ and /u/, the lax, front vowel Ir.I, the long, 
central vowel /3/, the tense vowel /u/ and the lax, back vowel /A/, in descending 
order, show the highest levels of F2 context dependency in the accented condition. In 
the unaccented condition, /u/ shows a higher degree of context-dependency than /r., 
3/ and I Al. The back vowels lo/, /n/ and hi show the least context-dependency along 
F2 in the accented condition, followed by the tense, front vowel /i/ and the long, lax 
vowel /a/. In the unaccented condition, /ii shows a lesser degree of context-
dependency than /n/. 
It is proposed here that this pattern of results reflects a continuum of 
underspecification which, broadly speaking, ranges from the tense (or more 
peripheral) vowels which may be thought of as the most narrowly specified and hence 
least contextually variable vowels, to the less narrowly specified and more 
contextually variable lax (or more central) vowels, to schwa, which, being completely 
unspecified, shows maximal context-dependency. 
7 .2.1 Inherent vowel duration 
To some extent, the observed hierarchy of robustness parallels the hierarchy of 
inherent vowel duration. The inherently long vowels lo,::>, a/ are among the most 
robust vowels. The lax vowel /n/ shows greater stability than the inherently shorter 
lax vowels /Al and Ir.I. The mid-high, lax vowels /r/ and /u/ which are characterised 
by the shortest intrinsic durations after schwa, also show the greatest context-
dependency after schwa. However, there are also discrepancies between the two 
rankings of vowels. For example, in the accented condition /u/ shows higher context-
dependency than /n/ and I Al despite showing significantly longer durations. Similarly, 
in the unaccented condition, /u/ shows a greater degree of context-dependency than 
Ir.I, I Al and /i/ although it shows no significant durational difference. In both accent 
conditions, Ir.I displays a higher R2 value than I Al despite being of a similar duration. 
Similarly, the long, central vowel 13/, which shows comparable durations to lo/ and 
/::>/also shows a higher degree of context-dependency. Conversely, /ii which shows 
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the same duration as Ir.I and I Al in the unaccented condition also shows a considerably 
lower level ofF2 context-dependency. 
As in the case ofF2, the long vowels lal, hi and la! show relatively low context-
dependency along FI in both the accented and unaccented condition while II./ shows 
the highest Fl context-dependency. However, Iii shows greater context-dependency 
than lal, Ir.I and I Al in the accented condition despite showing similar durations to la! 
and significantly longer durations than Ir.I or I Al. Similarly, accented 131 and lul 
tokens show greater context-dependency than accented Iii tokens although lul is 
characterised by comparable durations to Iii and 131 by significantly longer durations 
than Iii. 
The pattern of results across stress conditions also presents conflicting evidence 
regarding the potential correlation between stability and duration. The tense vowel 
lul which shows the largest relative decrease in duration for unaccented relative to 
accented tokens also shows the largest relative increase in amount of context-
dependency. Similarly, in the case of lnl, the relatively large decrease in duration with 
a decrease in stress is also accompanied by a relatively large increase in level of 
context-dependency. However, the tense vowel Iii which shows the largest relative 
decrease in duration across accent conditions following lul, shows a relatively small 
increase in amount of context-dependency. II./ and lol also display a relatively small 
increase in context-dependency with reduced stress despite showing a relatively large 
decrease in duration. The long vowels la, 3, "JI show no significant increase in degree 
of context-dependency with a decrease in stress although they all show a significant 
decrease in duration. 
The discrepancies between the two rankings of vowels and the apparent lack of 
correlation between relative decrease in duration on the one hand and relative 
increase in context-dependency on the other with reduced stress, indicate that the 
present pattern of results reflects factors other than inherent vowel duration. An 
alternative possibility which would appear to give a more complete account of the 
data, is offered by Stevens' (1972, 1989) quantal theory of speech production. 
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7 .2.2 Inherent acoustic properties of vowels 
According to Stevens, there are regions in the vocal tract which show quantal 
relations between articulation and acoustics. Articulatory perturbations in these 
regions have a minimal effect on the acoustic signal whereas at the boundaries of 
these regions, articulatory variations of the same magnitude can produce significant 
acoustic variability. These regions also correspond to the areas which produce the 
most distinctive acoustic patterns: 
... there are some articulatory states or configurations or gestures that give rise 
to well-defined patterns of auditory response in the listener, such that these 
patterns are not strongly sensitive to small perturbations or inaccuracies in the 
articulation. These patterns are distinctive in the sense that if some articulatory 
parameter crosses over a threshold region there will be a significant change or 
a qualitative shift in the auditory response. The multi-dimensional space that 
depicts acoustic-articulatory regions or auditory-articulatory relations, rather 
than showing continuous and monotonic variation, exhibits quantal attributes 
characterised by rapid changes in state over some region and less abrupt 
variations or greater stability over other regions. (Stevens, 1989, p. 5) 
These regions are identified as the places of articulation which produce similar 
resonances in the front and back oral cavities and which thus give rise to well defined 
spectral peaks (Fant, 1956). Accordingly, greater acoustic stability is predicted for 
the point vowels /i, a, u/, described as the limiting articulations of the vowel triangle 
(Lieberman & Blumstein, 1988), than for other vowels. These vowels, represent the 
extremes in vowel quality insofar as the oral and pharyngeal tubes are maximally 
expanded and/or maximally constricted in their production (Fant, 1960; Stevens, 
1972). 
The high, front vowel /i/ is characterised by a wide pharyngeal region and a narrow 
constriction in the palatal region. This configuration results in a high frequency 
spectral peak due to the convergence ofF2 and F3. The low, back vowel /a/ is 
formed by a narrow constriction in the lower pharyngeal region, resulting in a 
relatively large cross-sectional area in the anterior part of the oral tract. In this case, 
F 1 and F2 converge to produce a spectral peak at about 1000 Hz. The high, back 
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vowel /u/ is also characterised by a large oral cavity although in this case, the major 
constriction is in the upper pharyngeal region. However, the additional lengthening 
of the vocal tract through lip-rounding serves to lower F2 with the result that F2 and 
Fl converge to produce a low frequency spectral peak. 
The non-point vowels which are articulated at the boundaries of the quantal regions 
and which are also characterised by more widely separated formants are expected to 
show greater acoustic variability: 
When the cross-sectional area of the constriction is increased or decreased, 
keeping the constriction position fixed at one of the stable regions, the 
formants tend to change monotonically. That is, there is not a well-defined 
range of constriction sizes for which the formant frequencies achieve maximum 
or minimum values and thus are relatively insensitive to constriction size. 
(p. 15) 
The present data accords with Stevens' predictions in showing greater acoustic 
stability for the more peripheral compared with the more central vowels. The low, 
back vowel /a/ displays relatively low overall variability and the least context-
dependency along F2. Along Fl, it shows the least context dependency after l:>/. The 
high, front vowel /i/ also displays relatively low F2 context-dependency. The 
relatively high Fl variability observed for Iii is also consistent with Stevens' 
predictions: "we note ... that F 1 varies monotonically with constriction position and 
with constriction size for the .. (/ii) .. configuration" (p.12). 
The high overall variability observed for /u/ in the present data may be attributed to 
its fronted realisation. With a more anterior place of articulation, the frequency of F2 
increases, increasing the distance between F 1 and F2 and therefore also increasing the 
sensitivity of F2 to anterior-posterior perturbations in tongue-body position. High F2 
variability for /u/ may also be attributed to its specification for lip-rounding. 
According to Stevens (1989), variation in the extent of the lip-rounding gesture 
produces gradual and monotonic changes in formant frequencies. Variability is 
further increased through a high tolerance for articulatory imprecision. Given that 
there are physiological constraints on degree of lip-rounding, it is possible "to 
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reproduce a particular degree of rounding without requiring a great deal of precision 
in the degree of excitation of the appropriate muscles,, (p. 16). 
The high degree of stability observed for the other rounded vowels hi and to a lesser 
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extent, /n/, reflects the relatively close proximity of Fl and F2 achieved through the 
lowering effect on F2 of the lip rounding gesture in combination with a posterior 
tongue-body constriction: 
... for vocal tract shapes that are rounded ... there is a range of constriction 
positions that will yield a value of F2 that is low, is relatively stable, and is 
close to F 1. These positions are achieved by manipulating the tongue body to 
a backed position to form a constriction in the region of the soft palate or 
upper pharynx. For these configurations, Fl is lower than the values that 
could be reached if there were no constriction at the lips. (p. 14) 
In the present data, the low, front vowel /a/ is also relatively robust compared with 
the mid, front vowels and the mid, back vowel /A/. The low jaw position and 
narrowing in the posterior part of the vocal tract during production of this vowel also 
results in a relatively close proximity of Fl and F2 compared with the other front 
vowels. The greater stability of /a/ relative to I tJ may reflect the fact that, in the case 
of /a/, Fl is close to its maximum. While Fl and F2 are generally more proximal in 
the case of /Al, neither Fl nor F2 is close to its respective maximum or minimum. 
To date, there has been little empirical evidence reported in support of quantal theory 
predictions. Pisoni (1982) addresses the question of inherent vowel variability with 
respect to predictions generated by the quantal theory. However, he reports no clear 
pattern of variances across the eight vowels in his study. Pisoni's findings may be due 
in part to the fact that he evaluates vowel variability in terms of the standard 
deviations of the formant frequencies without controlling for the correlation between 
standard deviations and formant frequency value. His results may also reflect 
methodological problems and the artificial nature of the speech material used. This 
comprised isolated productions of the vowels /i, r, E, re, A, o, ::>, u/ by two speakers in 
response to synthetic vowels. Pisoni notes that the vowel tokens were, in general, 
longer than the synthetic tokens and showed no differentiation between vowel 
categories in terms of inherent vowel duration. 
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However, in accord with the present results and thus also with quanta! predictions, 
Stevens & House ( 1963) report a greater shift in F2 value as a function of 
consonantal context for lax vowels than for tense vowels. They also report that, in 
their data, the long vowels /i, ~, al show the least variability in F2 value while the 
rounded vowels /u/ and /o/ show the highest variability. The results of 
psychoacoustic tests also consistently show higher recognition rates for the point 
vowels and for tense vowels generally, than for lax vowels (Peterson & Barney, 1952; 
Strange et al., 1976; Fowler & Shankweiler, 1978; Strange, I 989b ), thereby also 
indicating greater acoustic stability for these vowels. 
To summarise the findings for the present data; in addition to the relatively high 
acoustic stability observed for the long vowels /a, a, J/ and the relatively low stability 
observed for the short vowels II,£, A, o/, quanta! theory also accounts for the high 
acoustic stability observed for /i/ despite its relatively short duration in the non-
nuclear accented and unaccented condition. It also accounts for the relatively high 
acoustic stability displayed by /n/ within each accent condition compared with the 
other lax or short vowels. It also offers an explanation for the relatively high Fl 
variability displayed by /i/ and for the high F2 context-dependency observed for /u/ in 
each accent condition which, likewise, cannot be explained in terms of inherent 
duration. 
The observed hierarchy of robustness thus arguably reflects the inherent acoustic 
properties of vowels rather than their inherent duration. However, while the comer 
vowels /i, a, al and the back, rounded vowels /n/ and hi may be more stable 
acoustically than the more central vowels, the question remains as to whether they are 
generally more robust, that is, whether they are also more resistant to coarticulatory 
effects at the articulatory level. It is possible that greater articulatory variability is 
tolerated for these vowels precisely on account of their quanta! properties and the 
non-monotonic relation between articulation and acoustics. Thus, greater acoustic 
stability does not necessarily imply greater articulatory stability and generally less 
context-sensitivity. 
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There is some evidence in the literature that articulatory programming "takes into 
account the non-linear or "quantal" relationships between articulation and acoustics" 
(Perkell & Nelson, 1985, p. 1895). Perkell & Nelson (1985) examine the relative 
positioning of points on the tongue surface using x-ray microbeam data for the 
vowels /i/ and /al. For these vowels, variations in the degree of vocal-tract 
constriction produce larger percentage changes in the area function and vowel 
formant frequencies than variations in the location of the maximal constriction. In 
view of this, Perk ell & Nelson hypothesise that greater articulatory variability will be 
tolerated with respect to the location of maximal constriction than with respect to the 
degree of maximal constriction. They examined multiple repetitions of /i/ and /al 
tokens produced by three speakers of American English in a variety of context and 
stress conditions. In support of their hypothesis, the results showed greater precision 
"in the positioning of dorsal tongue points near the place of maximal constriction ... in 
a direction perpendicular to the vocal-tract midline than in a direction parallel to the 
midline" (p. 1895). 
Given that Perkell & Nelson (1985) only examine data for the quanta} vowels /ii and 
/al, the question remains as to how quantal vowels compare with non-quantal vowels 
in terms of constraints on articulatory variability. In order to do justice to this 
question, it would be necessary to perform a simultaneous examination of articulatory 
and acoustic vowel data. Such an examination is beyond the scope of this thesis. 
However, notwithstanding this limitation, the present acoustic data is consistent with 
predictions made in the literature on the basis of articulatory, perceptual and 
language-specific phonological constraints. These are discussed below. 
7 .2.3 Articulatory constraints on variability 
In Chapter 2 it was suggested that the more peripheral vowels may be expected to 
show a lesser overall degree of context-dependency than the more central vowels on 
the grounds that they show a lesser overall degree of gestural compatibility with 
context. Recasens (1991) defines gestural compatibility in terms of the degree of 
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constraint on articulatory activity. He proposes that during vowel production, only 
those parts of the tongue body directly involved in the vocalic constriction are under 
active control, leaving those parts not directly involved free to coarticulate with 
upcoming segments. Thus, he predicts greater anticipatory coarticulation for back 
vowels than for front vowels on the assumption that during their production only the 
back of the tongue is subject to constraint (see section 2.3.2.1 for a full discussion). 
The present vowel data shows a marked distinction between full and reduced vowels 
with respect to relative degree of anticipatory coarticulation. Schwa and III both 
display a high degree of differentiation in F2 midpoint value as a function of following 
consonant place of articulation in contrast to the other vowels which display relatively 
little systematic variation in F2 midpoint value as a function of following consonantal 
place characteristics. However, there is no distinction between front and back vowels 
in this respect (see section 5.4.2.1). The long, central vowel 131 also displays 
relatively little variation as a function of following consonant place of articulation. 
Assuming that, contrary to Recasens' proposal, the entire tongue body is under active 
control during the production of full vowels irrespective of their front/back 
specification, degree of constraint might then be defined in terms of the location of 
the maximal constriction and the degree of constriction. The front vowel Iii and the 
back vowels la, n, "JI, in representing the extremes in front/back tongue position, and 
the low vowels la/ and la/ in representing maximal jaw opening, are thus arguably 
subject to a greater degree of articulatory constraint than the more central vowels. 
Clearly, at the individual token level, different vowel-consonant and consonant-vowel 
sequences are likely to show varying degrees of coarticulation depending on a variety 
of factors including degree of stress, duration and the specific combination of 
gestures. In the case of antagonistic vowel and consonant gestures, there is also the 
question of whether the articulatory requirements for the consonant take precedence 
over those for the vowel or vice versa (see Recasens, 1991). However, given that 
there are a greater number of contexts which involve the tongue trajectory passing 
through the central area of the vowel space than through the more peripheral regions, 
it would seem reasonable to assume that the lesser overall degree of context-
dependency observed for the peripheral vowels reflects a lesser overall degree of 
gestural compatibility. 
7 .2.4 Phonological constraints on variability 
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The apparent discrepancy between Recasens' ( 1991) observations for vowels in 
Catalan and the present results may, to some extent, reflect language-specific 
phonological constraints on variability. Manuel (1990) proposes that there are 
"output constraints" on the amount of contextual variability a given phone may 
exhibit. These are determined, in part, by the phonemic inventory of the language 
such that tighter output constraints apply in situations where a high degree of 
coarticulation would lead to a major loss of distinctiveness. Thus, she argues that 
languages with a large number of vowels might be expected to show less anticipatory 
coarticulation than languages which have smaller vowel inventories. In support of 
this hypothesis, Manuel cites findings from an earlier study by Manuel & Krakow 
(1984) which reports greater anticipatory vowel-to-vowel coarticulation for English 
than for Swahili and Shona, two languages which have five vowel systems. In 
addition to the number of vowels within a given system, Manuel (1990) claims that 
the way in which the vowels are distributed is also likely to determine the restrictions 
on contextual variability. Thus, greater anticipatory coarticulation might be expected 
in those areas of the vowel space which are relatively uncrowded compared with 
other areas. 
In section 5.4.2.1, it was suggested that the relatively low degree of anticipatory 
coarticulation observed for back vowels in the present study may be partly 
attributable to contextual limitations since there are relatively few examples of 
following palatal contexts. However, given that the back vowel area is more 
crowded in English than in Catalan, the discrepancy in results may also reflect tighter 
output constraints for the English vowels. 
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7 .2.5 Perceptual constraints on variability: "anchor" vowels 
Greater acoustic stability for the vowels Ii, a, al and hi also accords with the view 
that the comer vowels serve to delimit and normalise the vowel space for a given 
speaker (Joos, 1948; Nearey, 1978; Henton, 1983; Liberman, 1984). Thus, greater 
acoustic stability observed for these vowels may also reflect tighter perceptual 
constraints on production. 
Overlap in vowel formant frequency value occurs as a function of both within-speaker 
variability due chiefly to phonetic context and between-speaker variability due chiefly 
to differences in vocal tract size. To date, vowel recognition models have largely 
focused on the problem of between speaker differences. Essentially two types of 
vowel normalisation procedure have been proposed to deal with this. These may be 
referred to as "intrinsic" and "extrinsic" methods (Ainsworth, 1975). 
Intrinsic methods exploit the inter-segmental relational properties of vowels, in 
particular, the relations between the fundamental and formant frequencies (Syrdal, 
1984, Syrdal & Gopal, 1986; Miller, 1984, 1989). According to this approach, all the 
information required for vowel identification is contained within the vowel itself. In 
contrast, extrinsic methods use information that is distributed across a speaker's 
entire vowel system such as relative vowel duration and relative formant frequency 
value (Joos, 1948, Ladefoged & Broadbent, 1957; Gerstman, 1968; Nearey, 1978). 
Two assumptions are implicit to the intrinsic approach. As outlined by Nearey ( 1978) 
and cited in Nearey (1989), the first of these are that there are universal constraints 
on the shape of the vowel space for any given speaker, i.e. the "vowel triangle". The 
second is that there are also constraints on the nature of speaker differences such as 
would permit a uniform scaling of formant frequencies. Given these constraints, 
"certain vowels could not overlap in the Fl x F2 space ... [and] ... might then serve to 
"calibrate" the rest of the system" (Nearey, 1989, p. 2092). 
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For the present SBS speaker, this function is arguably fulfilled by the corner vowels 
/i, a, a/ and the back, rounded vowel hi. (Owing to the fronted nature of /u/, either 
lo/ or hi is most likely to fulfill the role of non-low, back anchor vowel.) The 
distribution of all vowel tokens in the present data pooled across all contexts and 
stress conditions is shown in Figures 7.1:3. The set oflong vowels, the set of short 
vowels and schwa are plotted separately. 
As Figure 7.1 demonstrates, the distribution of Iii, la!, /al and /J/ tokens delimit a 
clear "vowel triangle". With the exception of some overlap between Iii and /u/ due to 
the fronting of /u/, the long vowels also show a distinct clustering. In contrast, as 
Figure 7 .2 demonstrates, there is considerable overlap between the short vowels /1, £, 
A, n, o/. In Figure 7.3, the distribution of schwa tokens is plotted. While these cover 
a larger area than the tokens for any other vowel, the majority of tokens are largely 
confined to the region occupied by the short vowels. There is comparatively little 
overlap between schwa and the corner or 'anchor' vowels (see also section 6.3 .2). 
7 .2.6 Summary 
The hierarchy of robustness observed for vowels in the present data (where 
robustness is defined in terms of overall degree of context-dependency), shows some 
correspondence with the hierarchy of inherent vowel duration. The inherently long 
vowels /a, 'J, a/ are among the most robust while the inherently short vowels /1, £,A, 
u/ are among the least robust. There are, however, also discrepancies between the 
two rankings of vowels which suggest that vowel stability cannot be accounted for 
solely in terms of inherent duration. In accordance with Stevens' {1972, 1989) 
quantal theory of speech production, a more satisfactory account of the data is that 
the observed hierarchy of robustness reflects the inherent acoustic properties of 
vowels. This explains the greater acoustic stability of the peripheral vowels compared 
with the more central vowels and also accounts for the apparent inconsistencies 
between degree of context-dependency and relative vowel duration (see section 
7.2.2). 
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Evidence that vowel quality may vary as a function of duration but independently of 
context also argues against an undershoot account of the data (see section 5.5). The 
fact that the durational effect is largest in the case of /i/ and /a, n, J/ which represent 
the extreme upper and lower limits in F2 value, is consistent with a gestural overlap 
account in which vowels are characterised in terms of regions rather than as points in 
articulatory and acoustic space. In representing the extreme front/back tongue 
positions, these vowels arguably have more scope for variation (i.e. centralisation) 
without being subject to overlap. 
Although it is not testable in this thesis, greater acoustic stability for the peripheral 
vowels generally compared with the more central vowels arguably reflects a lesser 
overall degree of compatibility with context and subsequently a lesser overall degree 
of gestural overlap. This assumes that gestural compatibility is defined in terms of the 
location and degree of maximal constriction. It also presupposes that there are 
constraints on the articulators to attain the required positions. One rationale for 
tighter constraints on variability is that these vowels serve as the anchor or reference 
vowels by which the entire vowel space for a given speaker is calibrated (see section 
7.2.5). In view of these considerations, it is proposed here that the peripheral vowels 
Ii, a, a, n, J/ are more narrowly specified for tongue and jaw position than the more 
central vowels Ir,£, A, u, u/ where this implies greater articulatory and/or acoustic 
stability. 
7 .3 Role of stress 
The results of the stressed/unstressed comparison of full vowel tokens concur with 
the results reported for schwa insofar as they also provide evidence to support an 
account of vowel reduction in terms of contextual assimilation. In general, 
unaccented tokens show greater variability and greater overall context-dependency 
than their accented counterparts. There is also a tendency for degree of context-
dependency to decrease linearly with an increase in degree of sentence stress. Greater 
context sensitivity and, in the case of the peripheral vowels, generally less extreme 
formant values for unaccented relative to accented vowel tokens are also consistent 
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with the view that vowel reduction represents a means of economising on articulatory 
effort. 
Lindblom (1983, 1990, 1992) suggests that the speaker varies his pronunciation along 
a continuum of hyper- and hypo-speech which ranges from maximally explicit 
articulations (hyper-speech) to extreme reductions and under articulation (hypo-
speech). The degree of explicitness with which a given word or phrase is produced is 
determined by the listener's requirements for intelligibility on the one hand and the 
speaker's desire for economy of articulatory effort on the other. Lindblom proposes 
that this balance of forces varies according to short-term fluctuations in the amount of 
non-signal information that is available to the listener as well as in response to 
situational variables. He suggests that the speaker is tacitly aware of the amount of 
signal independent information the listener has access to and will adapt his speech 
accordingly. As the amount of explicit physical information required by the listener 
decreases" ... the motor system tends to default to a low-cost form of behaviour" 
(Lindblom, 1990, p. 413). 
The use of sentence stress is one way in which information may be highlighted 
(Bolinger, 1975). Van Bergem (1990) also proposes that stressed vowels serve as 
"anchor" points in the word recognition process. Lexically stressed vowels play a 
greater role in determining "the uniqueness of words in terms of their phonemic 
composition" (Van Bergem, 1995, p. 23) as demonstrated in studies by Carter (1987) 
and Altman & Carter (1989). This is due to the greater variety of vowels which 
occur in stressed syllables. The high perceptual salience of stressed vowels has also 
been demonstrated experimentally (Bond, 1981) as has the low perceptual salience of 
vowels in unstressed syllables (Van Bergem, 1995). Thus, accepting Lindbloms' s 
(1983, 1990) contention that the speaker strives to maintain a balance between 
intelligibility and economy of articulatory effort, reduced stress may be considered a 
means of economising on articulatory effort in less informative parts of an utterance. 
The fact that the same general pattern of variability across vowel categories is evident 
for both accented and unaccented tokens supports the view that the observed 
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hierarchy of robustness reflects inherent differences between vowels. The lack of a 
significant increase in context-dependency along F2 in the case of /al and l:J/ and the 
relatively small increase in F2 context-dependency in the case of /i/ is consistent with 
the view that these vowels are subject to tighter constraints on variability than the 
more central vowels. Conversely, the comparatively small stress effect for F2 
observed for III and /u/ and hence high context-dependency for accented as well as 
unaccented tokens, further testifies to the weak specification of these vowels. 
On the basis of these results, it is proposed that vowel reduction operates along two 
continuua in parallel, on the one hand, along a peripheral-non-peripheral continuum of 
inherent vowel quality and, on the other, along an stressed-unstressed continuum. 
This proposal is justified if one accepts that the acoustic and physiological correlates 
of stress consist in intensifying phonetic factors already present (Lehiste, 1970). 
Thus, it is proposed here that the more central vowels and unaccented vowel tokens 
are articulated with a lesser degree of vocal effort than the more peripheral vowels 
and accented vowel tokens. This results in less displacement from neutral and/or 
weaker constraints on variability leading to a greater degree of contextual 
assimilation. It is, however, important to note that the two reduction 'processes' 
function independently insofar as the peripheral-non-peripheral continuum reflects 
inherent differences in vowel quality whereas the stressed-unstressed continuum may 
be considered to form part of a larger, separate continuum of hyper-hypoarticulation 
which, broadly speaking, is style-conditioned. 
7. 4 Parallels between phonetic and phonological vowel reduction 
The pattern of variability observed in the present acoustic data also reflects the 
pattern of alternation evident in phonological vowel reduction (see section 2. 7). The 
acoustic stability of /al parallels the fact that this vowel only rarely alternates with 
schwa morpho-phonemically. The greater acoustic stability of the tense (long) 
vowels (excepting /u/) compared with the lax (short) vowels parallels the tense-lax 
alternation evident in phonological vowel reduction. The extensive morpho-
phonological alternation of III and /r./ with schwa is also paralleled by the high degree 
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of contextual variability these vowels exhibit. The comparable level of context-
dependency observed for /I/ as for schwa, in particular, accords with its status as the 
other reduced vowel in English (Fudge, 1984). 
Clearly, a more rigorous investigation of the parallels between phonetic and 
phonological reduction is warranted. The present observations are largely 
impressionistic and would benefit from a quantitative analysis of the extent of the 
morpho-phonemic alternation between full vowels and schwa and/or [r] and between 
tense and lax vowels. While this is beyond the scope of this thesis, the present data 
are consistent with the idea that phonetic and phonological vowel reduction form part 
of the same historical continuum (Van Bergem, 1990). Phonetic reduction and 
obligatory phonological reduction may be considered to occupy the two extreme 
endpoints and non-obligatory phonological reduction, an intermediate position. One 
of the advantages of an account of vowel reduction in terms of phonetic 
underspecification is that it captures this relationship. 
Phonetic vowel reduction is a gradual process, it is a continuous, coarticulatory 
effect. All vowels produced in context are subject to phonetic reduction although, as 
the present data indicate, the lax or more central vowels are inherently more 
susceptible to coarticulatory effects than the tense or more peripheral vowels. 
Stressed vowels also tend to show greater resistance to context effects than 
unstressed vowels. Non-obligatory phonological vowel reduction is traditionally 
classified as a discrete alternation between tense and lax vowels or between full 
vowels and schwa in lexically unstressed syllables (Chomsky & Halle, 1968; Liberman 
& Prince, 1977; Hayes, 1984). However, the fact that it is optional in its application 
(i.e. there are two or more pronunciation variants) and subject to style-conditioning 
(see section 2. 7) indicates that it has not lost its phonetic motivation and therefore 
still qualifies as a 'gradual' process at the production level. 
It is possible for a process to be both lexically discrete and yet phonetically gradual on 
account of the lack of isomorphy between articulation, acoustics and perception. 
Phonetic gradualness is not matched by perceptual gradualness. Evidence in the 
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literature suggests that once listeners have assigned speech sounds to the phonemes in 
their language, they disregard acoustic differences within a phoneme category (Eimas 
& Miller, 1978). This is manifest in an apparently greater ability to discriminate 
tokens at or near a phoneme boundary than tokens well within a phoneme category 
(Liberman et al., 1957). 
Thus, it is suggested here that non-obligatory phonological reduction reflects varying 
degrees of contextual assimilation (schwa being equated with complete assimilation). 
The speaker's ambition to produce a full vowel (and hence override coarticulatory 
effects) is conditioned by the intrinsic properties of words such as word stress, word 
class and word frequency and by stylistic considerations. Vowels in stressed syllables 
are pronounced more carefully than vowels in unstressed syllables because they carry 
a greater functional load (Bolinger, 1975). Similarly, the speaker is likely to expend 
less effort on function words and on words with a high frequency of occurrence than 
on content words or words with a low frequency of occurrence which are potentially 
more problematic for the listener. Minimal ambition to produce a full vowel 
manifests itself as a minimal expenditure of effort resulting in minimal displacement 
from neutral and complete contextual assimilation. 
Obligatory phonological vowel reduction requires a separate treatment from non-
obligatory phonological reduction and phonetic vowel reduction insofar as it is both a 
lexically and phonetically discrete process. Reduction is a stable part of the 
phonology and insensitive to changes in rate and/or care of articulation. The speaker 
'aims' to produce a schwa rather than a full vowel. However, it is proposed here that 
the schwa which occurs in the citation form of words (the end product of obligatory 
phonological reduction) has the same phonetic characteristics as schwas which 
represent reduced full vowels (the end product of non-obligatory reduction), that is, it 
is targetless and completely dependent on context. 
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7 .5 Coarticulatory effects 
7 .5.1 Systematicity of effects 
One motivation in conducting an observational study of vowel data, was to establish 
how far patterns of variability and coarticulatory effects observed for highly 
controlled laboratory speech material would be evident in connected speech data that 
is largely uncontrolled with respect to factors such as segmental context and stress. 
Not unexpectedly, vowels in the present data display considerably higher variances in 
both first and second formant frequency value than is generally reported in the 
literature (Peterson & Barney, 1952; Stevens & House, 1963; Stevens, House & 
Paul, 1966; Syrdal & Gopal, 1986; Sussman, 1991 inter alia.). However, despite the 
lack of restriction on segmental sequences and the interaction of context effects, 
highly systematic coarticulatory effects are observed for vowels along both formant 
dimensions. 
In general, the observed pattern of consonantal place effects is consistent with effects 
reported in the literature and the predictions made by the acoustic resonator theory 
(Stevens & House, 1956), such that, as consonantal place of articulation moves 
forward in the vocal tract, F2 locus values become increasingly lower (see section 
5.3.1). The systematicity of consonant place (and manner) effects in CV and VC 
sequences is particularly noteworthy given that the consonant and hence the vowel 
onset and offset values, are also likely to reflect the influence of the next adjacent 
context segments. 
The systematicity of coarticulatory effects in the present data has important 
theoretical implications with respect to an issue which has for long been a central 
concern in speech production research, namely, the invariance issue. The invariance 
issue concerns the question of how perceptual constancy is achieved in spite of 
considerable physical variability in the acoustic signal. Early attempts to address this 
question focussed on identifying invariant and static acoustic attributes at the level of 
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the individual segment. For example, Delattre et al., (1952) attempt to characterise 
stop place of articulation in terms of fixed locus frequencies. Other researchers 
propose that invariant acoustic cues for stop place of articulation reside in the overall 
gross shape of the spectrum at the onset of the release burst (Stevens & Blumstein, 
1979, 1981). 
In contrast to the idea of absolute articulatory and acoustic invariance, Jakobsen and 
Fant propose that the universality and invariance of distinctive features is relational 
(Jakobsen & Fant, 1963). The idea that invariance may be defined relationally has 
recently been the focus of work by Sussman and colleagues (Sussman, l 990b; 1994; 
Sussman et al., 1991). Sussman ( l 990b) presents evidence which indicates that stop 
place of articulation may be classified on the basis of the relationship that exists 
between the value ofF2 at the vowel onset/offset and the value ofF2 at the vowel 
nucleus as measured by the "locus-equation". The locus-equation, initially 
formulated by Lindblom (1963), is derived by plotting the formant values at the 
consonant-vowel boundary against values sampled at the vowel nucleus. A 
regression line is then fitted to the data-points according to the following equation: 
F2i = kF2t + c where F2i denotes the onset value (or initial locus) of the consonant, 
F2t is the vowel nucleus and k and care constants. The slope of the regression line is 
given by k and represents the amount of coarticulation between locus and nucleus. 
In a comparison of /bVt/, /dVt/ and /gVt/ syllables, Sussman reports a steeper slope 
and hence more coarticulation, for bilabials (. 91) than for velars (. 79) or alveolars 
(.54). Although he found that a single regression line could be fitted to the data 
points in the velar context, better fits were obtained by using separate regression lines 
for front and back vowel contexts. In a linear discriminant analysis using F2 onset 
and nucleus values as predictors, Sussman reports high categorical classification 
success for both bilabials and alveolars (81 % ) and a lower success rate for velars 
(68%) except when restricted to front vowel contexts (93%). However, in a further 
analysis using the slopes and y-intercepts obtained across sixty speakers as predictor 
variables, 100% percent correct categorical classification accuracy was achieved for 
all three places of articulation. 
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On the basis of these results, Sussman claims that the locus-equation provides a 
higher-order metric for classifying stop-place of articulation in that "it is derived over 
and characterises an entire stop place category" (p. 50-3). Thus, "despite extreme 
context-dependency of the coarticulated stop + vowel gesture, a relational form of 
invariance is captured when a whole phonemic category is analysed" (p. 50-5). 
Sussman further claims that the existence of systematic relationships in the acoustic 
signal provides evidence which argues against gestural invariance theories such as the 
motor theory (Liberman & Mattingly, 1985) and the direct realist account of speech 
perception (Fowler, 1986). Liberman & Mattingly posit a special decoding 
mechanism which mediates phonetic perception by recovering the articulatory gesture 
from the acoustic signal. Fowler also maintains that information in the signal reflects 
the articulatory gestures. In contrast, Sussman et al., (1991) argue in favour of "a 
direct acoustic/auditory based utilisation of the speech waveform to recover the 
phonetic segment" (p. 1321). They maintain that the locus-equation provides direct 
evidence that phonetic categories can be acoustically represented: "if such 
phonological constructs are already sufficiently contrastive in their physical 
instantiation in the speech waveform, then a further transform to their underlying 
gestural form is not seen as necessary" (p. 1321). 
Sussman (1994) extends the analysis of stop place of articulation to include different 
manner classes. He reports a similar differentiation in place of articulation for nasal 
stops and for fricatives as observed in the case of the oral stops. Only the 
approximants /w, j, 1, r/ showed a unique clustering of onset values which were also 
relatively independent of the adjacent vocalic context. 
Although the present study is not concerned with the classificatory separability of 
consonantal place categories per se, the systematic differentiation between place 
categories and the similar ranking of place categories on a high-low F2 continuum at 
vowel onset and offset within each vowel category (see section 5.3.1), are consistent 
with Sussman's observations. Highly linear relationships between F2 values at vowel 
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onset/offset and at the vowel midpoint for some vowels are also demonstrated in the 
multiple regression analyses. 
The near maximal F2 context-dependency Sussman notes for bilabial consonants 
parallels the near maximal F2 context-dependency observed for schwa, /r/ and /u/ in 
the present data. Sussman also explains the highly linear relationship he observes for 
bilabials in terms of their inherent underspecification for tongue position. Because, 
bilabials are unspecified for tongue position, during their production, the tongue body 
is free to adopt the configuration required for the upcoming vowel. 
The relatively stable onset frequencies Sussman reports for the approximants 
/w, j, 1, r/ also has a parallel in the present data. /w/, Ill and, to a lesser extent /j/ are 
among the consonants which exert the strongest coarticulatory influence on vowels in 
the present study. The fact that these consonants also show the least vowel 
dependence in Sussman's data is further evidence of the existence of a reciprocal 
relationship between degree of coarticulation and strength of coarticulatory influence 
(Recasens, 1991 ; F arnetani et al., 1993). 
The contextual variation observed for F 1 in the present study is generally less 
extensive and less systematic than the variation observed for F2. This may be 
attributable to three factors. Firstly, because consonants are typically characterised by 
a lesser degree of jaw opening and hence lower F 1 values than vowels, shifts in F 1 as 
a function of consonantal context are likely to be relatively small compared with shifts 
in F2. The direction of influence is also always likely to be in the same direction 
(Stevens & House, 1963). Secondly, because variations in Fl reflect variations in the 
overall cross-sectional area of the vocal tract they can be less simply correlated with 
one or other of the phonetic dimensions of tongue and jaw height (Lindblom & 
Sundberg, 1971). The interactive influence of tongue, lip and jaw effects is therefore 
not so easily apportioned to the influence of either adjacent consonantal place or 
manner of articulation in an analysis of variance in which these serve as the grouping 
variable. Evidence in the literature also indicates that vowel Fl values vary 
considerably as a function of the voicing characteristic of the adjacent consonants 
(Fant, 1973; Lisker, 1985). Thus, a significant proportion of Fl variance not 
accounted for in the present study may reflect the lack of distinction made between 
voiced and voiceless consonants. 
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A further possibility to account for the lower overall context-dependency observed 
for F 1 compared with F2, is that F 1 is subject to tighter perceptual constraints on 
variability. For example, Manuel (1990) suggests that, in English, less coarticulation 
may be tolerated along Fl than along F2 due to the fact that there are more 
contrastive levels of height than front/backness and hence a greater potential loss of 
contrast along this dimension. Greater variability for schwa along Fl than along F2 
(see Figure 5.13 and Figure 7.3) may be attributed to the fact that schwa is not 
differentiated from any other vowel by height alone. The greater Fl compared with 
F2 variability observed for unaccented Ir/ tokens is more difficult to account for 
within this framework unless they are considered as fully reduced and hence non-
contrastive. 
It is possible that greater variability along a given dimension may be tolerated in some 
cases owing to the maintenance of distinctiveness by other features. For example, 
high FI variability observed for Iii is unlikely to unduly affect perceptual judgements 
of Iii owing to its distinctiveness along F2. Perceptual constraints on variability may 
therefore be limited to those features for a given vowel which are the most 
perceptually salient. 
Notwithstanding these points, systematic variation in vowel F 1 onset, offset and 
midpoint value as a function of both adjacent consonantal place and manner of 
articulation is evident in the present data. Relatively high levels of F 1 context 
dependency observed for schwa, Ir/ and Ir.I and the large difference in levels of 
context-dependency for these and other vowels across stress conditions also indicates 
systematic context effects. These results suggest that contextual variation in F 1 
warrants more attention than it has hitherto received. 
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7.5.2 Directionality and temporal extent of effects 
The present data adds to the body of literature which reports greater carryover 
compared with anticipatory coarticulation (Ohde & Sharf, 1975; Bell-Berti & Harris, 
1976; Gay, 1977; Fowler, 1981; Recasens, 1984; Magen, 1984; Krull, 1989; Choi, 
I 992). There are some differences in the directionality of effects across vowels 
and/or stress conditions with respect to the magnitude of effects (i.e. amount of shift 
in vowel formant value). However, all vowels, with the exception of /;;J/ and /I./, show 
greater carryover than anticipatory coarticulation for F2 where this is measured in 
terms of the degree of differentiation in F2 midpoint value as a function of individual 
consonantal contexts. There is less distinction between full and reduced vowels in 
terms of the directionality of effects along Fl. However, as in the case ofF2, there is 
generally greater carryover compared with anticipatory coarticulation. 
The relatively high degree of anticipatory coarticulation along F2 observed for schwa 
and /I./ and the relatively low degree of anticipatory coarticulation along F2 observed 
for the full vowels, accords with Recasens' ( 1984) proposal that anticipatory effects 
are dependent on the degree of articulatory constraint on the tongue body during 
production of the target vowel whereas carryover effects are largely independent of 
such constraints. It also lends support to the proposal that coarticulatory effects are 
recipricol such that segments which show the most coarticulatory resistance also 
exert the greatest coarticulatory influence (Recasens, 1991; Farnetani et al., 1993). 
Thus, in the case of /;;J/ and /I./, the relatively high degree of differentiation in both 
offset and midpoint value as a function of following consonantal place of articulation 
reflects their lack of specification for tongue position. Thus, in C1;;JC2 and C1rC2 
syllables, in addition to greater anticipatory consonant-to-vowel effects, this also 
implies an absence of carryover vowel-to-consonant effects. This is illustrated in the 
tighter clustering of offset values compared with onset values observed for schwa in 
Figures 5. la and 5.2a compared with 5. lb and 5.2b and Figure 5.3 compared with 
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Figure A 2. The greater spread in C
1 
locus values reflects the greater influence of the 




compared with the influence of schwa on C2. 
The greater carry-over coarticulation for F2 noted in the present study may also 
reflect the fact that final consonants are articulated with less vocal effort than initial 
consonants. Choi (1992) also reports asymmetries in consonantal locus values at 
vowel onset and off set such that, as in the present data, generally lower values are 
obtained for syllable-final consonants than for the corresponding syllable-initial 
consonants. As Choi points out, these asymmetries may reflect aerodynamic factors. 
Kent & Moll (1972) suggest that there is a greater build-up in air pressure implying a 
greater force of articulation for initial compared with final consonants. Krull (1989) 
also observes less separability in the slope of regression lines for final consonants in 
VC syllables than for initial consonants in CV syllables, indicating a greater vowel 
dependence for final locus values than initial loci. 
In addition to extensive anticipatory effects, schwa and /J./ also both show a high 
degree of separability in midpoint value as a function of preceding consonantal place 
of articulation. A comparable magnitude and range of carry-over and anticipatory 
effects for schwa and /J./ accords with Keating' s ( 1988) predictions for unspecified 
segments. It thereby also conflicts with Browman & Goldstein's (1992) proposal that 
schwa is co-produced with a following full vowel. However, as Kingston ( 1992, 
same volume) demonstrates, the evidence upon which Browman & Goldstein base 
their conclusion is weakened if the data are re-analysed using R 2 values to evaluate 
the regression models rather than the standard error of estimate which they use. 
The present data also demonstrate that coarticulatory influence is largely restricted to 
the immediately adjacent context segments (see section 5.2.2.2). The minimal effects 
from next adjacent context segments indicate an extensive consonant-vowel 
interaction such that vowel-to-vowel effects are either blocked by an intervening 
consonant or are manifest as vowel-to-consonant-to-vowel effects (see also section 
5. 4. 1. 4). This finding is consistent with Recasens' ( 1984, 1986, 1991) articulatory 
constraint based model of coarticulation. In a series of electropalatographic and 
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acoustic studies, Recasens demonstrates that the magnitude, the temporal extent and 
the directionality of coarticulatory effects vary according to specific consonant-vowel 
combinations. For example, Recasens ( 1984) shows that degree of vowel-to-vowel 
coarticulation in VCV sequences is dependent upon the degree of articulatory 
constraint involved in the production of both the vowels and the intervening 
consonant. These findings accord with earlier articulatory studies by Gay (1974; 
1977) which also demonstrate a strong consonantal influence on the vowel-to-vowel 
trajectory in VCV syllables. 
Much of the research into coarticulatory effects on vowels has focussed on vowel-to-
vowel coarticulation (Bell-Berti & Harris, 1976; Magen, 1984, 1989; Fowler, 1981; 
Manuel & Krakow, 1984; Manuel, 1990). While these studies report vowel 
dependent effects extending to a transconsonantal vowel, they all, with one exception 
(Manuel & Krakow, 1984 ), examine effects in VCV syllables where the intervocalic 
consonant is a bilabial. Because bilabials do not actively involve the tongue body in 
their production, they are largely transparent to vowel-to-vowel effects. Manuel & 
Krakow (1984) also examined vowel-to-vowel effects across an intervening /ti. 
However, as in the case of the other studies cited, they also looked at vowels in 
nonsense syllables. Vowels produced in isolated words or nonsense syllables are 
likely to show less variability and reduction than vowels produced in connected 
speech. They are, therefore, also more likely to exert a stronger coarticulatory 
influence. As the present results indicate, vowel-to-vowel coarticulation in 
connected speech data cannot be assessed independently of consonant-vowel 
coarticulation. The investigation of how different vowel and consonant gestures 
combine to influence the acoustic signal is thus an important area for future research. 
7 .6 Problems and benifits of a corpus-based approach 
The decision to use an existing speech database as opposed to setting up a controlled 
experimental paradigm depends upon the nature of one's research objectives. To 
date, phonetic research has largely been carried out within the experimental 
framework. The reason for this is clear, it allows the researcher to vary the research 
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factors of interest in a systematic and principled way and also affords control over the 
potential interaction of factors. A major drawback with this approach, however, is 
that the speech material tends to be of a limited and artificial nature. Thus, while the 
controlled, experimental paradigm is fundamental to phonetic research, there is also a 
recognised need for research into more variegated real speech data. The increasing 
availability of large corpera of read and/or spontaneously produced speech coupled 
with the technology to store and manipulate large amounts of speech data has 
provided new opportunities to carry out such research. 
One of the principal benefits of a corpus-based approach is that it permits 
exploratory, observational studies of speech data which has not been collected on the 
basis of any a priori assumptions, that is, with reference to specific research 
questions. It thus avoids potential biases which can arise as a function of the 
experimental design. It thereby also provides the opportunity for investigating the 
generalisability of hypotheses made on the basis of highly controlled experimental 
data to less variationally restricted data. 
Another major advantage is that access to large amounts of data permits rigorous, 
quantitative studies of speech phenomena. It is generally the case that the larger the 
sample size, the greater is the predictive power of the statistical analyses of the data, 
i.e. the greater the generalisability of observations based on the current speech sample 
to the wider population. 
The relatively unrestricted nature of the speech material in a corpus-based study, 
however, also has disadvantages. Because it is not possible to manipulate variables in 
a systematic way or control for the interaction of variables, all conclusions formulated 
on the basis of observational data must necessarily be more tentative than those made 
on the basis of controlled, experimental data. For example, when assessing the effects 
of sentence stress on vowel duration, it is necessary to take into account that duration 
is also influenced by other factors such as word-length, position in word and 
segmental context. These factors may all vary across vowels and stress conditions. 
Thus, the possibility remains that the observed differences across vowels with respect 
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to the relative decrease in duration as a function of sentence stress reflects differences 
in the frequency distribution of these factors rather than inherent properties of the 
vowel. If the speech sample is large enough, it may be possible to treat these factors 
as random variables. However, even with very large speech samples, with 
unrestricted data there is always the possibility that the results to some extent reflect 
the influence of unidentified factors. In addition to creating spurious relationships, 
unidentified factors may also serve to obscure or surpress real relationships which 
exist between variables. 
Another potential drawback in using an existing database concerns the level of 
confidence one may have in the data. In working with a database that has been 
constructed by someone else, it is essential to be familiar with the labelling criteria 
used and to be satisfied that these have been applied consistently. The extent to 
which the researcher feels it necessary to check the data will depend on factors such 
as where and when, for whom and for what purpose it was collected. For example, 
inhouse databases may be less reliable than databases created for use in the public 
domain. Depending on the size of the corpus and the nature of any amendments they 
may wish to make, the researcher may thus find themselves with a considerable 
amount of preliminary work. This possibility should be taken into account when 
deciding on the research approach. 
Given that the researcher has to work within the design constraints of the database, 
they may also find themselves limited by the amount and nature of the available 
speech material. For example, syllable boundaries may not be marked or there may 
be insufficient examples of a particular segment or segmental sequence of interest. 
However, this should not be a problem ifthe research objectives are clearly defined in 
advance. 
In sum, a corpus-based approach is attractive principally because it offers the 
opportunity for examining relatively large amounts of meaningful connected speech 
data. The study of connected speech data is important not least because reduction 
phenomena are conditioned by prosodic, semantic and pragmatic in addition to 
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segmental factors and it is difficult if not impossible to simulate the interaction of 
these variable in highly controlled experimental data. There is also a need to define 
the limits of phonetic variability in real speech and to test the generalisability of 
hypothesis made on the basis of more restricted data. However, the lack of 
experimental control implies a certain degree caution in the interpretation of results. 
By their very nature, the corpus-based approach and the experimental approach 
afford different research possibilities. They, therefore, both have an important role to 
play in phonetic research, the findings from investigations using one approach ideally 
serving to fuel further investigation using the other approach. 
7. 7 Future research 
The present study describes the pattern of variability that occurs in the vowel system 
of one male speaker of one accent of British English and for one particular speech 
mode. In order to generalise from the present results, it is necessary to examine 
patterns of variability for other speakers of the same and different accent systems and 
for other speaking styles. Speakers are known to employ different coarticulatory 
strategies (Nolan, 1985). Differences in the size of the vowel space have also been 
observed for speakers of the same accent system (Van Bergem, 1993). Gender and 
age- related differences in pronunciation have also been documented (Henton, 1983 ). 
Pronunciation is also known to vary considerably across different speaking styles 
(Koopmans van Beinum, 1980; Lindblom & Moon, 1988; Krull, 1989; Harmegnies & 
Poch-Olive, 1992). Thus, different speech samples are likely to show considerable 
variation with respect to the overall level of phonetic variability they exhibit. 
Furthermore, depending on the accent system (or language), differences between 
vowels in terms of inherent variability might also be expected on the basis of 
phonological and perceptual constraints (Manuel, 1990; Lindblom & Engstrand, 
1989; Lindblom, 1990). 
In addressing the question of inherent vowel variability, it is also important to 
establish how far the observed patterns of acoustic variability reflect the 
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corresponding pattern of articulatory variability. Studies which examine articulatory 
and acoustic data in parallel should therefore have a more prominent role in future 
research. 
In order to increase the predictive power of the window model of coarticulation 
' 
further work is also required to establish the ranges of variability for different 
segments along different phonetic dimensions and to derive the appropriate 
interpolation functions. As Keating (1990) herself concedes, much of the fine 
working detail for the window model remains to be developed. However, a 
framework in which gradient, coarticulatory phenomena can be adequately described 
becomes increasingly important as research progresses further into the domain of 
natural speech data. The window model, potentially, offers such a framework. 
7 .8 General summary and conclusions 
This thesis had three related objectives. The first of these was to assess the 
magnitude and patterns of contextual variability displayed by schwa, the central or 
'reduced' vowel in English, with reference to the question of whether or not schwa 
can be associated with an independent phonetic target. Reports from two earlier 
studies (Browman & Goldstein, 1992; Van Bergem, 1994) present conflicting 
conclusions with respect to this question. These studies were also based on nonsense 
data although Van Bergem tested his model on a small subset of meaningful data. In 
the present investigation, data is examined for schwa tokens produced in a more 
comprehensive range of contexts and in meaningful connected speech. The present 
study also provides a comparative measure of schwa's variability and hence a more 
reliable evaluation of schwa's targeted/targetless status. 
The second objective was to compare patterns of contextual variability for the full 
vowels in order to determine whether some vowels are inherently more susceptible to 
coarticulatory effects than others (e.g. lax (short) vowels compared with tense (long) 
vowels or back vowels compared with front vowels). This question has received 
relatively little attention in the literature since most studies which examine 
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coarticulatory effects tend to use a restricted number of vowels. The present study 
presents a quantitative evaluation of the relative contextual variability shown by the 
twelve monophthongs for one male speaker of SBS. 
The third objective was to assess the role of sentential stress in conditioning vowel 
quality. Lindblom' s ( 1963) undershoot hypothesis proposes that reduction in vowel 
quality as a function of reduced stress reflects increased contextual assimilation. This 
idea contrasts with the traditional concept of vowel reduction as an independent 
process of articulatory and acoustic centralisation. Subsequent research provides 
some evidence that (lexically and/or sententially) unstressed vowels are more sensitive 
to coarticulatory effects than their stressed counterparts. However, for the most part, 
this has also been based on nonsense data or isolated words produced in semantically 
empty carrier phrases. A principal motivation in the present study, therefore, was to 
investigate the effects of stress in more natural speech data. 
The unifying principle with respect to the three objectives, was to obtain a better 
understanding of the nature of vowel reduction in English. Specifically, the data was 
examined for evidence to support an account of vowel reduction in terms of phonetic 
underspecification. 
The results for the pooled data analysis support the hypothesis that schwa is 
completely unspecified for tongue position. They also indicate that schwa is highly 
unspecified for jaw position. In this respect, the present results for English accord 
with Van Bergem' s ( 1994) observations for Dutch schwa. Significant differences 
between the full vowels with respect to degree of context-sensitivity is also consistent 
with the proposal that segments may show varying degrees of specification along a 
given dimension(s) (Keating, 1990). 
It is proposed that the observed hierarchy of vowel robustness, as measured in terms 
of overall degree of context-dependency, reflects quantal, acoustic properties of 
vowels as described by Stevens ( 1989) rather than inherent duration. The present 
acoustic data are also consistent with expectations regarding articulatory and 
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perceptual constraints on variability. It is suggested that the lesser overall degree of 
context-dependency noted for the more peripheral vowels /i, a, a, o, J/ compared 
with the more central vowels /1, £,A, u, 3/ and, for the present speaker, /u/, reflects a 
lesser overall degree of gestural compatiblity with context and consequently a lesser 
overall degree of contextual assimilation. Greater articulatory and/or acoustic 
stability for the peripheral vowels is also consistent with the idea that these vowels 
serve to calibrate the vowel space for a given speaker. 
In general, the effects of sentence stress were found to be additive. Variations in 
sentence stress caused variations in the relative magnitude of the overall 
coarticulatory effect rather than in the nature or directionality of the coarticulatory 
influence. For the most part, the same hierarchy of vowel robustness was evident 
within each accent condition. In most cases, the sententially stressed/unstressed 
comparison of the data showed a significant increase in amount of context-
dependency for unaccented vowel tokens relative to their accented counterparts. The 
vowels which did not show a significant stress effect or which showed the least 
difference as a function of sentence stress were either those vowels which showed the 
least context-dependency overall or the vowels which showed the greatest overall 
context-dependency. 
Evidence that schwa is targetless and can therefore occupy almost any position in the 
vowel space depending on context indicates that vowel reduction is a matter of 
contextual assimilation rather than centralisation. Greater context-sensitivity for 
unaccented relative to accented vowels is also consistent with an account of vowel 
reduction in terms of contextual assimilation. The overall reduction in acoustic 
contrast observed for unaccented vowel tokens relative to accented tokens may be 
attributed to the averaging of individual coarticulatory shifts. 
These results are also consistent with the view that vowel reduction represents a 
means of economising on articulatory effort. Schwa the endpoint of the reduction 
process arguably represents minimal articulatory effort insofar as it represents the 
straight-line interpolation between context segments and hence minimal resistance to 
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coarticulatory effects. Shorter durations, greater context-dependency and, in the case 
of the peripheral vowels, less extreme formant values for unaccented compared with 
accented tokens is also consistent with studies in the literature which report reduced 
muscle activity (Gay & Hirose, 1974; Gay, 1978; Tuller, Kelso & Harris, 1982) 
and/or reduced articulatory displacement (Delattre, 1969; Kuehn & Moll, 1976; 
Summers, 1987; Engstrand, 1988; Flege, 1988; Farnetani & Faber, 1992) for 
(lexically and/or sententially) unstressed vowels. Generally greater contextual 
variability for lax vowels compared with tense vowels is also consistent with the 
hypothesis that lax vowels are more "cost-effective" (see section 2. 7). 
On the basis of these results, it is proposed that vowel reduction may be accounted 
for in terms of phonetic underspecification operating along two parallel continuua: a 
peripheral-non-peripheral continuum and a stressed-unstressed continuum. Although 
it is untestable in the present study, it is proposed that these continuua both reflect 
differences between vowels with respect to the degree of articulatory effort involved 
in their production. However, whereas the peripheral-non-peripheral continuum 
reflects inherent differences in vowel quality, the stressed-unstressed continuum is 
assumed to be part of a larger independent continuum of hyper-hypospeech which is 
style-conditioned. A separate specification for unstressed compared with stressed 
vowels is nevertheless advocated on the grounds that the reduction in quality reflects 
a 'planned' reduction in vocal effort. It is not simply the automatic consequence of a 
reduction in duration and of mechano-inertial effects. However, it is acknowledged 
that, in practise, it may be difficult to distinguish between the two effects. 
A principal advantage of a phonetic underspecification account of English vowel 
reduction is that phonetic and phonological vowel reduction may be accounted for by 
the same mechanism. Phonetic vowel reduction is a continuous coarticulatory effect 
which applies in varying degrees to all vowels produced in context. It is proposed 
that non-obligatory phonological reduction, although lexically discrete, is also gradual 
at the phonetic level (see section 7. 4). Degree of reduction depends on the speaker's 
ambition to produce a full vowel and is conditioned by factors such as stress, word 
class, word frequency as well as stylistic considerations. Obligatory phonological 
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reduction is both lexically and phonetically discrete. However, it is posited that the 
schwa which appears the citation form of words (the endpoint of obligatory 
phonological reduction) has the same phonetic characteristics as schwa which 
represents a fully reduced full vowel (the endpoint of phonetic and non-obligatory 
phonological reduction), that is, it is an empty time slot which is interpolated through. 
In sum, it is proposed in this thesis that vowel reduction reflects phonetic 
underspecification. The corner vowels /i, a, a/ and the back, rounded vowels /n/ and 
hi are the most narrowly specified vowels and the most resistant to coarticulatory 
effects. The more central vowels Ir, £, A, o, u, 3/ are less narrowly specified and 
accordingly show greater contextual assimilation. Sententially stressed vowels are 
more narrowly specified than sententially unstressed vowels and are also less 
susceptible to coarticulatory effects. Schwa which shows the shortest inherent 
duration and which always occurs in unstressed position, is completely unspecified for 
tongue position and accordingly shows maximal context-dependency. 
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Figure A 1.a:l: Proportional distribution of preceding and following contexts for each 
vowel. 
Figure A 2.a:f: Mean second formant trajectories for schwa as a function of following 
consonant place of articulation. 
Table A 1.a:k: F2 mean onset, midpoint and offset values and measures of deviation 
from linearity for the full vowels. 
Table A 2.a:k: Fl mean onset, midpoint and offset values and measures of deviation 






































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Table A 2: Mean second formant trajectories for schwa as a function of following 
consonant place of articulation 
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Table A 2: Mean second formant trajectories for schwa as a function of following 
consonant place of articulation (continued) 
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Table A 2: Mean second formant trajectories for schwa as a function of following 
consonant place of articulation (continued) 
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